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RESUMEN.
Esta tesis analiza los datos hidrográficos y químicos recogidos durante la campaña 4x que
atravesó al límite sur del giro Subpolar del Atlántico Norte en el verano de 1997. Esta sección formó
parte del programa World Ocean Circulation Experiment (WOCE) y se denominó 4x ya que repetía la
sección 4 recorrida ya en 1957-58 durante el año internacional geofísico (International Geophysical
Year).
La estructura, desplazamiento y mezcla de las masas de agua en el Atlántico Norte Subpolar se
analiza por medio de una técnica multiparamétrica. El modelo de mezclas propuesto se demuestra que
es fiable y estable.
Se detectan y discuten algunas inconsistencias en el método más ampliamente aceptado y
utilizado para estimar la concentración de carbono antropogénico en el océano (CANT). Se propone una
nueva parametrización para estimar el valor de la alcalinidad preformada (TA0) en el Atlántico Norte.
Se recalcula el contenido en CANT a lo largo de una sección en el Atlántico Noreste usando esta nueva
TA0, las constantes de disociación del CO2 propuestas por Merhbach et al. (Measurements of the
apparent dissociation constant of carbonic acid in seawater at atmospheric pressure. Limn. Oceanogr.
8, 897–907, 1973) e incluyendo el efecto de la presión de vapor de agua en la estimación de la presión
parcial de CO2 pre-industrial. A partir de estos resultados concluimos que el desequilibrio de CO2 entre
el aire y el agua cuando las masas de agua se forman es pequeño y no significativo. Evidencias
indirectas y directas basadas en datos de CO2 de alta calidad tomados en zonas de formación de masas
de agua en condiciones invernales apoyan esta argumentación.
El patrón de circulación a través de la sección 4x se determina usando métodos inversos. El
flujo de masa se restringe con valores de transporte en zonas específicas, a la vez que se conserva la
masa y la sal para la región al norte de la sección y se fuerza el flujo de silicato a su valor de entrada
vía ríos al norte de la sección. Los flujos de propiedades físicas (calor y agua dulce) y químicas
(nutrientes, oxígeno, alcalinidad, carbono inorgánico total y antropogénico) se estiman y descomponen
en sus componentes barotrópica, baroclínica y horizontal.
La combinación de nuestros flujos con los de otros autores a través de secciones transoceánicas
en el Atlántico Norte nos ha permitido plantear una serie de balances de propiedades tanto físicas
como químicas dentro de las regiones definidas por las secciones donde se han evaluado los
respectivos flujos. Los resultados de estos balances se discuten ampliamente y se comparan con
evidencias indirectas y cuando es posible con los resultados dados por climatologías.
Por último, se describe más detalladamente la estructura de los transportes físicos y
biogeoquímicos a través de la sección 4x en cuanto a su distribución regional, vertical y en intervalos
de temperatura. La distribución de masas de agua anteriormente obtenida se combina con los campos
de los transportes para obtener la contribución relativa de cada masa de agua a los transportes físicos y
biogeoquímicos a través de la sección. La circulación de masas de agua a través de la sección se
discute en el contexto de la circulación termohalina a nivel de la a cuenca del Atlántico Norte.
ABSTRACT.
This thesis analyses the hydrographic and chemical data collected during the 4x cruise carried
out in summer 1997 within the World Ocean Circulation Experiment (WOCE) program and, named 4x
as it repeated section 4 across the southern boundary of the Subpolar North Atlantic gyre sampled
during the International Geophysical Year in 1957-58.
The water mass structure, spreading and mixing in the Subpolar North Atlantic is analysed by
means of an optimum multiparameter analysis. The proposed mixing model is proved to be reliable
and robust.
Some deficiencies are detected and discussed in the back-calculation technique more widely
accepted to estimate the anthropogenic carbon (CANT) signal in the ocean. A new approach for
estimating the preformed alkalinity (TA0) in the North Atlantic Ocean is suggested. We recalculate the
CANT content in a section along the Eastern North Atlantic using this new TA0, the Mehrbach et al.
(Measurements of the apparent dissociation constant of carbonic acid in seawater at atmospheric
pressure. Limn. Oceanogr. 8, 897–907, 1973) CO2 dissociation constants, and including the effect of
water vapor pressure on estimation of the pre-industrial pCO2. Our findings lead us to conclude that
the CO2 disequilibrium when water masses are formed is small and not significant. Direct and
indirect evidence based on available high-quality CO2 data taken in formation areas in late winter
conditions support this argumentation.     
The circulation pattern across the 4x section is diagnosed using inverse methods. The flow is
constrained with measured mass transports at specific sites, while conserving mass and salt for the
region north of the section and forcing the silicate flux to the river input north of the section. The
fluxes of physical (heat and freshwater) and chemical (nutrients, oxygen, alkalinity, total inorganic
carbon and anthropogenic carbon) properties are estimated and decomposed into barotropic,
baroclinic and horizontal components.
Combining our fluxes with those across other transoceanic sections allows us to examine
budgets of physical (heat and freshwater) and chemical (nitrogen, oxygen, total inorganic carbon
and anthropogenic carbon) properties for enclosed areas of the Subpolar and Temperate North
Atlantic. These budgets are thoroughly discussed against indirect evidence and when possible
compared with results from climatologies.
Finally, physical and biogeochemical transports calculated across the 4x section are
reanalysed with the aim of describing their structure and regional and vertical distribution. Results
about the water masses distribution along the 4x section are combined with the previous transport
fields to provide the relative contribution from each water mass to the final transport values. The
water masses circulation pattern across the section is discussed within the context of the basin-scale
thermohaline circulation in the North Atlantic.
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CHAPTER 1.
Figure 1.1. A topographic and feature nomenclature map for the North Atlantic. The 4x section stations are
also shown.
Figure 1.2. Typical T-S diagram for the North Atlantic. WNAW stands for Western North Atlantic Water,
ENACW for Eastern North Atlantic Water, MW for Mediterranean Water, SAIW for SubArctic
Intermediate Water, LSW for Labrador Sea Water, ISOW for Iceland-Scotland Overflow Water,
DSOW for Denmark Strait Overflow Water and AABW for AntArctic Bottom Water.
Figure 1.3. Simplified version of the bivariate volumetric census of potential temperature and salinity for the
North Atlantic Ocean from Wright and Worthington (1970). NADW stands for North Atlantic Deep
Water, the largest volumetric ridge. LSW for Labrador Sea Water, ISOW for Iceland-Scotland
Overflow Water, DSOW for Denmark Strait Overflow Water and AABW for AntArctic Bottom
Water.
Figure 1.4. A six-vertical-element meridional section for the thermohaline flow in the North Atlantic, with a
simplified global linkage Circumpolar Deep Water (CDW). Purple denotes upper layer, red
intermediate, green deep, and blue bottom. CDW is shown in light blue lines. Geographical features:
EQ denotes Equator, SFZ is Subpolar Frontal Zone, PFZ is Polar Frontal Zone, AD is Antarctic
Divergence. Transports in Sverdrups in circles. Figure taken from Schmitz (1996).
Figure 1.5. Upper layer (temperatures > 7ºC) transports for the North Atlantic, update from Schmitz (1996)
based on the work by Schmitz and McCartney (1993). Transports in Sverdrups. Squares denote
sinking and hexagons denote entrainment. Red lines denote the replacement flow for the meridional
cell involving NADW, the latter formation being shown in blue boxes attached to dashed red lines,
which indicate that significant cooling may take place. Solid green lines characterize the subtropical
gyre and recirculations as well as the Newfoundland basin eddy. Dashed blue lines denote the addition
of Mediterranean Water.
Figure 1.6. Schematic circulation for NADW (1.6-4ºC), update from Schmitz (1996) based on the work by
Schmitz and McCartney (1993). Transports in Sverdrups. Colored light blue areas denote
recirculation. Green denotes NADW, dark blue is bottom water, light blue lines are used when
NADW is also bottom water, red hexagons indicate entrained AAIW (modified) or SPMW or perhaps
even NACW. Squares represent sinking and triangles upwelling.
Figure 1.7. Circulation scheme for the northern North Atlantic according to Schmitz (1996) based on the
work McCartney, Heywood et al. (1994), Ellett (1993) and Krauss (1986). Red lines denote water
~15ºC, yellow ~4ºC and blue ~0ºC, with shadings of oranges or greens indicating intermediate
temperatures. The small curled or spiraling lines denote sinking.
Figure 1.8. A new scheme for the warm water interbasin and subpolar circulation in the northern North
Atlantic, taken from Schmitz (1996). Transports in Sverdrups. Triangles denote modified AABW. See
the text for an explanation of the colored lines.
CHAPTER 2.
Figure 2.1. Station locations along the Vigo-Cape Farewell, WOCE A25, 4x section. EGC stands for East
Greenland Current, IAP for Iberian Abyssal Plain and CGFZ for Charlie-Gibbs Fracture Zone.
Figure 2.2. Vertical distributions along the 4x section of (a) potential temperature (θ in ºC), (b) salinity (S in
psu) and (c) silicate (SiO4 in µmol·kg-1). Note the different scale for the upper 1000 db. Isolines for
3.5ºC and 2.5ºC and, for 34.95 psu and 34.85 psu were added to Figure 2a and b, respectively. CGFZ
stands for Charlie-Gibbs Fracture Zone, MAR for Mid-Atlantic Ridge and IAP for Iberian Abyssal
Plain.
Figure 2.3. Vertical distributions along the 4x section of (a) nitrate (NO3 µmol·kg-1),  (b) Apparent Oxygen
Utilization (AOU in µmol·kg-1), (c) Total Inorganic Carbon (TIC in µmol·kg-1) and (d) CFC-11
concentration (in pmol·kg-1). Note the different scale for the upper 1000 db. CGFZ stands for Charlie-
Gibbs Fracture Zone, MAR for Mid-Atlantic Ridge and IAP for Iberian Abyssal Plain.
Figure 2.4. Potential temperature (θ) - salinity (S) – silicate (SiO4) diagrams for bottle samples collected
during the 4x cruise: (a) south of the North Atlantic Current (NAC) and (b) north of the NAC.
Characteristics of the Source Water Types are also represented. Samples belonging to surface waters
are not included.
Figure 2.5. (a) Total residuals from the mixing model, (b) individual dimensionless and weighted residuals
from each equation introduced in the mixing analysis. Note the wider scale for the upper 1000 db.
Figure 2.6. Vertical distributions along the 4x section of (a) NO, (b) PO and (c) CAO residuals from the
mixing model (real – modelled values, all in µmol·kg-1). Note the different scale for the upper 1000
db. CGFZ stands for Charlie-Gibbs Fracture Zone, MAR for Mid-Atlantic Ridge and IAP for Iberian
Abyssal Plain.
Figure 2.7. Source Water Types mean contribution along the 4x section, vertically ordered: (a) ENACW
(Eastern North Atlantic Central Water), DSOW (Denmark Strait Overflow Water) and NEADWl
(lower North Eastern Atlantic Deep Water), (b) SAIW (SubArctic Intermediate Water), MW
(Mediterranean Water) and ISOW (Iceland Scotland Overflow Water), (c) AA (modified Antarctic
Intermediate Water) and NEADWu (upper North Eastern Atlantic Deep Water), (d) LSW (Labrador
Sea Water). Note the different scale for the upper 1000 db. CGFZ stands for Charlie-Gibbs Fracture
Zone, MAR for Mid-Atlantic Ridge and IAP for Iberian Abyssal Plain.
Figure 2.8. Vertical distribution along the 4x section of AOU residuals (real – modelled, in µmol·kg-1).
Negative (positive) values denote areas more ventilated (remineralized) than the section mean. Note
the different scale for the upper 1000 db. CGFZ stands for Charlie-Gibbs Fracture Zone, MAR for
Mid-Atlantic Ridge and IAP for Iberian Abyssal Plain.
Figure 2.9. Characteristics of the LSW core (maximum contribution) along the 4x section: (a) contribution
and CFC-11 apparent age (τCFC11 in years), (b) Apparent Oxygen Utilization (AOU in µmol·kg-1) and
Oxygen Utilization Rates (OUR in µmol·kg-1·y-1).
CHAPTER 3.
Figure 3.1. Relationship between dissolution of opal (∆Si=Si–Si0 in µmol·kg-1) and carbonate (∆TA=TA–
TA0 in µmol·kg-1). Si0 has been calculated from equation 3.11, and TA0 from GSS’96 (open squares,
TA0 = 367.5 + 54.9·S + 0.074·PO, where S is salinity and PO = 170·PO4 + O2), Millero et al. (1998)
(dark squares, TA0 = S/35·[2291 - 2.69·(θ-20) - 0.046·(θ-20)2], where θ is temperature and S salinity),
Wanninkhof et al. (1999b) (open circles, TA0 = 278.4 + 57.91·S + 0.0074·NO, where S is salinity and
NO = 10.6·NO3 + O2) and our new parametrization from equations 3.10 and 3.12 (dark circles).
Figure 3.2. Inorganic to Organic carbon decomposition Ratio (IOR) versus depth. IOR was calculated from
equation 3.9 with TA0 from GSS’96 (open squares) and TA0 as a function of the opal dissolution (dark
circles) (∆ΤA=1.42·∆Si, ∆Si= Si-Si0, where Si0 has been calculated from equation 3.11). The solid line
is the polynomial fit for the previous IOR data, as expressed in equation 3.12.
Figure 3.3. Measured (dotted line) and modeled (solid line) profiles of organic (circles) and inorganic
(squares) carbon fluxes at the NABE site. The inorganic carbon flux calculated based on TA0 from
GSS’96 is also shown (crosses). Note the reversed scale for the inorganic carbon flux axis.
Figure 3.4. Salinity-normalized pre-industrial equilibrium total inorganic carbon (CTeqπ in µmol·kg-1) versus
potential temperature (θ in ºC) based on different approximations. Dark squares (option a, see text)
stand for CTeqπ calculated with TA0 from GSS’96, a constant value for pre-industrial pCO2 of 280
µatm and the Goyet and Poisson (1989) constants. Open circles (option b) denote CTeqπ calculated with
TA0 from GSS’96, pre-industrial pCO2 calculated as a function of a molar fraction of 278.2 ppm and
water vapor pressure (WV) and the constants of Goyet and Poisson (1989). Crosses (option c) indicate
CTeqπ calculated the same as before but with the Mehrbach et al. (1973) constants (Mehr). Dark circles
(option d) represent CTeqπ calculated with TA0 obtained from our equations 3.10 and 3.12, pre-
industrial pCO2 calculated as a function of a molar fraction of 278.2 ppm, water vapor pressure and the
Mehrbach et al. (1973) constants (New approach).
Figure 3.5. ∆C*(τ) (in µmol·kg-1) calculated according to GSS’96 (open circles) and our improvements on
the back-calculation technique (black circles) versus CFC11 age in years. The inset shows both ∆C*(τ)
versus depth. ∆C*(τ) is equivalent to CANT disregarding the disequilibrium term in equation 3.3.
CHAPTER 4.
Figure 4.1. Station locations from the 4x cruise with the 36ºN (solid line) and CONVEX (dashed line)
sections from Rintoul and Wunsch (1991) and Bacon (1997), respectively. IAP stands for Iberian
Abyssal Plain, CGFZ for Charlie-Gibbs Fracture Zone and EGC for East Greenland Current.
Figure 4.2. (a) Barotropic corrections (cm·s-1) obtained from the inverse model, with the selected solution as
a solid line. (b) Vertical distribution of the geostrophic velocity field in cm·s-1 across the 4x section.
Shaded areas indicate south or southwestward velocities. Note in Figure 4.2b the expanded view of
the eastern boundary. Shaded areas indicate south or southwestward velocities. Geographic areas are
highlighted: MAR stands for Mid-Atlantic Ridge and CGFZ for Charlie-Gibbs Fracture Zone. Note
the different scale for the upper 1000 db. In both Figure 4.2a and 4.2b the upper axis shows some
station positions, indicated in Figure 4.1.
Figure 4.3. Baroclinic (a) and horizontal (b) components of the mass transport across the 4x section. The
horizontal transport is accumulated from zero at Vigo. The vertical integrated baroclinic transport
down to 1000 db is 14.8 Sv, -16.5 Sv from 1100 to 3200 db and 1.7 Sv below 3200 db. (1 Sv = 106
m3·s-1). The upper axis in Figure 4.3b shows station positions.
Figure 4.4. Baroclinic (a and b) and horizontal (c and d) components of the heat and salt transports across the
4x section. The horizontal transport is accumulated from zero at Vigo. The insets in (a) and (b) show
the zonally averaged profiles of temperature and salinity along with the corresponding section mean
values. The baroclinic profile is the deviation from the mean value as a function of depth. The upper
axis in Figure 4.4c and d shows station positions.
Figure 4.5. Baroclinic (a to d) and horizontal (e to h) components of the nitrate (NO3), phosphate (PO4),
silicate (SiO4) and oxygen (O2) transports across the 4x section. The horizontal transport is
accumulated from zero at Vigo. The insets in figures a to d show the zonally averaged profiles of the
chemical properties along with the corresponding section mean values. The baroclinic profile of each
property is the deviation from the mean value as a function of depth. The upper axis in Figure 4.5e to
h shows station positions.
Figure 4.6.  Vertical distribution of the oxygen anomalies (O2’(x,z) in µmol·kg-1) along the 4x section. The
upper axis shows station positions.
Figure 4.7.  (a) Nitrate (NO3) and (b) organic nitrogen (Norg) plus ammonium (NH4) budgets north of the 4x
section and within the box comprised between the 4x and the 36ºN sections. All numbers are in
kmol·s-1. Open horizontal arrows indicate river input, dark arrows indicate the fluxes across the
sections, open squared arrows for the Arctic contribution, dots for the atmospheric input, open vertical
arrows for sedimentation and crosses for the looses to the atmosphere. The NH4 contributions are
underlined. Processes over the shelves (sedimentation and atmospheric input) are presented as bold
numbers.
CHAPTER 5.
Figure 5.1. Station locations from the 4x cruise (solid circles), WOCE A20 (diamonds), OacesNAtlII-93
(crosses), 36ºN (triangles) and 24.5ºN (stars) sections.
Figure 5.2.  Vertical distribution along the 4x section of (a) Total Alkalinity (TA), (b) Total Inorganic
Carbon (TIC) and (c) Anthropogenic Carbon (CANT), all properties in µmol·kg-1. The upper axis shows
station positions. Geographic areas are highlighted: MAR stands for Mid-Atlantic Ridge, CGFZ for
Charlie-Gibbs Fracture Zone and IAP for Iberian Abyssal Plain.
Figure 5.3. Zonal average profile of (a) Total Alkalinity (TA), (b) Total Inorganic Carbon (TIC) and (c)
Anthropogenic Carbon (CANT), along with the corresponding section mean values, all properties in
µmol·kg-1. The baroclinic profile is the deviation from the mean as a function of depth.
Figure 5.4. Vertical distribution along the 4x section of the a) Total Alkalinity (TA), (b) Total Inorganic
Carbon (TIC) and (c) Anthropogenic Carbon (CANT) anomalies, all properties expressed in µmol·kg-1.
The upper axis shows station positions. Geographic areas are highlighted: MAR stands for Mid-
Atlantic Ridge, CGFZ for Charlie-Gibbs Fracture Zone and IAP for Iberian Abyssal Plain.
Figure 5.5. Baroclinic (a to d) and horizontal (e to f) components of the mass, Total Alkalinity (TA), Total
Inorganic Carbon (TIC) and Anthropogenic Carbon (CANT) transports across the 4x section. The
horizontal transport is accumulated from zero at Vigo (right end). The upper axis in Figure 5.5e to h
shows station positions. The vertical integrated baroclinic mass transport down to 1000 db is 14.8 Sv,
-16.5 Sv from 1100 to 3200 db and below 3200 db 1.7 Sv. (1 Sv = 106 m3·s-1 and 1 kmol·s-1 = 103
mol·s-1).
Figure 5.6. Mean Penetration Depth (MPD in meters) of anthropogenic carbon against latitude along the
OacesNAtl-93 (solid circles), WOCE A20 (diamonds) and 4x (open circles) sections. MPD is
calculated as in equation 5.9, from 150 m to the bottom.
Figure 5.7. Schematic summary of the regional inorganic carbon budgets in the North Atlantic. The Arctic-
Subpolar region comprises the area within the Bering Strait and the 4x section and the Temperate
region the area within the 4x and the 24.5ºN sections. Transports across sections and air-sea fluxes are
indicated by arrows, the anthropogenic storage term as plain negative numbers. The transports and
storage rates are in kmol·s-1 (1GtC·y-1 = 2642 kmol·s-1). Budgets for (a) the contemporary Total
Inorganic Carbon (TIC), (b) Anthropogenic Carbon (CANT) and (c) pre-industrial Total Inorganic
Carbon (TICπ). The calculated term is shown in bold. The Bering Strait contribution in the transports
across sections has been ignored for consistency.
Figure 5.8.  Schematic summary of the regional North Atlantic (a) nitrate and (b) oxygen budgets. The
regions are comprised within the Bering Strait and the 4x section, the 4x and the 36ºN sections and the
36ºN and 24.5ºN sections. Units are in kmol·s-1. Transports across sections and air-sea fluxes are
indicated by arrows, the river input by point-ended arrows and changes due to net primary production
as plain numbers, a minus (plus) stands for consumption (production) of the property within each
defined box. The calculated term is shown in bold. The Bering Strait contribution in the transports
across sections has been ignored for consistency.
Figure 5.9.  Schematic summary of the regional extended inorganic carbon budgets in the North Atlantic,
i.e., including the contribution from river runoff, sediment burial and net community production.
Transports across sections and air-sea fluxes are indicated by arrows, the river input by point-ended
arrows, carbonate sedimentation as underlined numbers, storage of anthropogenic carbon as italic
numbers and changes due to net primary production as plain numbers, a minus (plus) stands for
consumption (production) of the property within each defined box. All the rates are in kmol·s-1
(1GtC·y-1 = 2642 kmol·s-1).  Budgets for (a) the contemporary Total Inorganic Carbon (TIC) and (b)
pre-industrial Total Inorganic Carbon (TICπ). The calculated term is shown in bold. The Bering Strait
contribution in the transports across sections has been ignored for consistency.
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Figure 6.1. Station locations from the 4x cruise. IAP stands for Iberian Abyssal Plain, CGFZ for Charlie-
Gibbs Fracture Zone and EGC for East Greenland Current.
Figure 6.2. Geostrophic transport into temperature (θ) classes across the 4x section for (a) mass, (b) heat, (c)
salt, (d) nitrate (NO3), (e) phosphate (PO4), (f) silicate (SiO4), (g) oxygen (O2), (h) Total Alkalinity
(TA), (i) Total Inorganic Carbon (TIC), and (j) anthropogenic carbon (CANT). Units are Sv (1 Sv = 106
m3·s-1), PW (1015 W), Mkg·s-1 (106 kg·s-1) and kmol·s-1 (1000 mol·s-1). In the corresponding subplot is
also shown the total geostrophic transport across the 4x section of each property.
Figure 6.3. Regional and vertical distribution of the mass transport across the 4x section. Negative values
indicate southward or southwestward transports. 1 Sv = 106 m3·s-1. Density layers are from the surface to
σθ<27.7 kg·m-3, σθ≥27.7 to σ2 ≤36.98 kg·m-3, σθ >36.98 to σθ <45.91 kg·m-3 and σθ ≥45.91 kg·m-3.
Respectively denominated as upper, intermediate, deep and bottom. IAP stands for Iberian Abyssal Plain,
CGFZ for Charlie-Gibbs Fracture Zone and MAR for Mid-Atlantic Ridge.
Figure 6.4. Regional and vertical geostrophic transports across the 4x section accumulated fromVigo (right end)
for (a) mass, (b) heat, (c) salt, (d) nitrate (NO3), (e) phosphate (PO4), (f) silicate (SiO4), (g) oxygen (O2),
(h) Total Alkalinity (TA), (i) Total Inorganic Carbon (TIC), and (j) anthropogenic carbon (CANT). Units
are Sv (1 Sv = 106 m3·s-1), PW (1015 W), Mkg·s-1 (106 kg·s-1) and kmol·s-1 (1000 mol·s-1). Regions and
density intervals as in Figure 6.3.
Figure 6.5. Regional and vertical geostrophic mass transport across the 4x section accumulated from Vigo (right
end) accounted for by the different water masses: (a) Eastern North Atlantic Central Water (ENACW), (b)
SubArctic Intermediate Water (SAIW), (c) influenced Antarctic Intermediate Water (AA), (d)
Mediterranean Water (MW), (e) Labrador Sea Water (LSW), (f) Iceland-Scotland Overflow Water
(ISOW), (g) Denmark-Strait Overflow Water (DSOW) and (h) North Eastern Atlantic Deep Water
(NEADW). 1 Sv = 106 m3·s-1. Regions and density intervals as in Figure 6.3.
Figure 6.6. Stacked bars showing the regional geostrophic mass transport across the 4x section accounted for
by the different water masses: Eastern North Atlantic Central Water (ENACW), SubArctic
Intermediate Water (SAIW), influenced Antarctic Intermediate Water (AA), Mediterranean Water
(MW), Labrador Sea Water (LSW), Iceland-Scotland Overflow Water (ISOW), Denmark-Strait
Overflow Water (DSOW) and North Eastern Atlantic Deep Water (NEADW) in (a) the upper, (b) the
intermediate and (c) the deep and bottom layers. Regions and density intervals as in Figure 6.3. The
4x section acts as the zero reference line. 1 Sv = 106 m3·s-1.
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RESUMEN.
En este primer capítulo introductorio se describen las características principales del Atlántico
Norte, haciendo hincapié en la zona Subpolar, al ser el área principal de estudio de esta tesis. Se
realiza una pequeña descripción de las características topográficas más importantes, así como de las
características principales de las masas de agua presentes en el Atlántico Norte, posteriormente se
hace una descripción exhaustiva de la circulación en este océano, con un apartado aparte para la
zona Subpolar. Finalmente, se presentan los objetivos, estructura y condiciones de este estudio.
_______________________________________________________________________________
1.1. INTRODUCTION.
The Atlantic ocean occupies about a 23% of the total world ocean area. Concretely, north of
the Equator up to about 70ºN constitutes the North Atlantic domain, being the smallest of the six
oceans. Within the context of the global thermohaline circulation, warm and saline upper waters
flow northwards to the subpolar and polar regions where they become denser by cooling and return
southwards as deep and bottom waters. This is a very simplistic manner to explain the relevance of
the North Atlantic ocean within the global conveyor belt circulation introduced by Broecker
(1987). As a consequence the North Atlantic ocean is the “youngest” ocean and also presents the
highest oxygen and lowest nutrient concentrations.
Figure 1.1. A topographic and feature nomenclature map for the North Atlantic. The 4x section stations are
also shown.
1000 m
3000 m
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1.2. TOPOGRAPHIC FEATURES.
The main topographic features in the North Atlantic are shown in Figure 1.1. Topography
strongly affects the circulation, especially deep currents as will be introduced below. The ocean is
divided into two basins, the eastern and the western, separated by the Mid-Atlantic Ridge (MAR),
which extends from Iceland to the Equator. The MAR presents a characteristic depth between 1500
and 2000 db, constituting a barrier for the circulation of deep and bottom water masses within the
two basins. Thus, the importance of some deep gaps allowing the exchange of deep waters between
the eastern and the western basins, as the Charlie-Gibbs Fracture Zone (CGFZ) at about 50ºN with
a maximum depth of 3000 db, and the Vema and the Romanche Fracture Zones at the Equator with
a maximum depth of 4500 db (Figure 1.1). Within the main eastern and western basins, several
smaller ones are distinguished, as examples from north to south: the Irminger, Iceland, Labrador,
Newfoundland, West European, Iberian, Madeira, Canary and Guiana Basins.
1.3. WATER MASSES.
In this section a brief overview of the main water masses in the North Atlantic ocean is given
to more clearly understand the next section dealing with the circulation within this ocean. A typical
Temperature-Salinity (T-S) diagram for the North Atlantic water masses is shown in Figure 1.2.
Surface waters:
Those affected by seasonal changes. Between the Equator and about 20ºN the temperature
ranges between 25 and 28ºC with little seasonal fluctuations. Northwards the difference between
summer and winter temperatures raises to 10K at 40ºN and decreases northwards.
There is a marked difference in the surface water characteristics between the western and
eastern sides. Between Florida and Labrador there is a difference in the surface temperature of
about 25K, compared to the 10K between the same latitudes on the eastern side (North Africa and
Scotland). In salinity there is a north-south difference of 3 psu on the west compared to the 15 psu
on the eastern basin.
These differences are clearly associated with the current systems. In the west side the Gulf
Stream – North Atlantic Current (NAC) system carries warm and salty waters northwards while on
the east there is just a slow diffuse southward flow of the North Atlantic gyre.
Upper waters:
This is the domain of central waters, mainly mode waters formed by winter convection and
subduction by negative Ekman pumping, and thus are represented by straight lines in the T—S
diagrams. Typically, the T-S lines connect the 7ºC-35 psu point with the 18ºC–36.7 psu point in the
east and the 20ºC-36.7 psu point in the west. These regional differences stem from the property
variations in the formation regions. Several mechanisms have been proposed to explain that central
waters in the eastern basin are saltier than in the west. One hypothesis is that the atmospheric
conditions give rise to an excess of evaporation over precipitation (e.g. Pollard and Pu, 1985;
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Pollard et al., 1996). Other is that deeper convection in the east (Meincke, 1986; Paillet and Arhan,
1996) is sufficient to entrain Mediterranean Water at intermediate depths (Ellett et al., 1986; Read
and Ellet, 1991; Reid, 1978, 1979). In Figure 1.2 are shown the Western North Atlantic Water
(WNAW) and the Eastern North Atlantic Water (ENAW) T-S relationships as defined by Iselin
(1986) and Ríos et al. (1992), respectively.
SubArctic Intermediate Water (SAIW) is another water mass situated in the upper levels of
the northwestern North Atlantic, although is not considered as a mode water (Arhan, 1990; Read,
2001). SAIW presents a temperature between 4 and 7ºC and salinities below 34.9 psu in its
formation region north of the NAC (Bubnov, 1968; Read and Ellett, 1991), probably within the
Labrador Current (Arhan, 1990). SAIW subducts into the permanent thermocline south of the line
of vanishing Ekman suction.
Another important water mass in the North Atlantic is the Antarctic Intermediate Water
(AAIW), it spreads from the subantarctic region to the northern hemisphere in the Atlantic (Wüst,
1935; Tsuchiya, 1989), Indian (Taft, 1963) and Pacific (Reid, 1965; Tsuchiya, 1991) oceans. The
formation of AAIW is still controversial, traditionally it was considered to be formed by mixing
across the Antarctic Polar Front (e.g., Wüst, 1935; Molinelli, 1981; Piola and Georgi, 1982),
another mechanism could be the ventilation of Subantarctic Mode Water in the southeastern Pacific
(McCartney, 1977, 1982). AAIW is characterised by a salinity minimum and silicate maximum
between 27.15 and 27.3 σθ.
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SubArctic Intermediate Water, LSW for Labrador Sea Water, ISOW for Iceland-Scotland
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Intermediate Waters.
Labrador Sea Water (LSW) is formed by deep winter convection in the Labrador Sea
(Lazier, 1973; McCartney and Talley, 1982), and Mediterranean Water (MW) by mixing of North
Atlantic Central Water with the saline outflow coming out from the Straits of Gibraltar at 36ºN
(Zenk, 1975; Ambar and Howe, 1979).
Deep and Bottom Waters.
The major deep water mass in the North Atlantic is the North Atlantic Deep Water (NADW).
NADW is understood as the thick wedge of relatively high and nearly isosaline water that
dominates the deep Atlantic, with potential temperature from 2 to 4ºC (Broecker and Takahashi,
1980).
The volumetric census of deep waters in the North Atlantic performed by Wright and
Worthington (1970) is schematically reproduced in Figure 1.3, being NADW the largest volumetric
mode. The sources of NADW are Labrador Sea Water (LSW), Denmark Strait Overflow Water
(DSOW), Iceland Scotland Overflow Water (ISOW) and Antarctic Bottom Water (AABW).
LSW was commented previously, being the warmest and shallowest contributor to NADW.
AABW is the coldest and freshest class, which is formed as an outflow at various sites on the
continental shelf of the Antarctica during austral winter (Warren, 1981) but principally formed
(80%) in the Weddell Sea (Foldvik and Gammelsrod, 1988). AABW crosses the Equator and about
half spreads northwards through the deepest layers of each basin (eastern and western). AABW as
it flows northwards gradually warms, mixes and shoals to form NADW.
Figure 1.3. Simplified version of the bivariate
volumetric census of potential temperature and
salinity for the North Atlantic Ocean from Wright
and Worthington (1970). NADW stands for North
Atlantic Deep Water, the largest volumetric ridge.
LSW for Labrador Sea Water, ISOW for Iceland-
Scotland Overflow Water, DSOW for Denmark
Strait Overflow Water and AABW for AntArctic
Bottom Water.
Two Nordic overflows contribute to NADW: the overflow through the Faroe Bank Channel
or over the Iceland-Faroe Ridge, this is the ISOW which actually overflows relatively fresh but
mixes so intensively with warm saline water form the local thermocline that it is finally
characterised by a warm salinity maximum. The coldest and densest source overflow is the DSOW,
which retains its salinity minimum as it overflows and entrains upper water in the Denmark Strait.
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Within the NADW three brands can be distinguished:
- Lower NADW (LNADW) is the combination of the AABW entering the western North
Atlantic and DSOW.
- Middle NADW (MNADW) is the combination of ISOW with modified AABW moving
north on the eastern side of the MAR, also influenced by LNADW.
- Upper NADW (UNADW), influenced by LSW and MW.
1.4. CIRCULATION IN THE NORTH ATLANTIC.
The circulation within the North Atlantic ocean will be schematically explained in two
different ways, firstly highlighting the relevance of the North Atlantic in the global thermohaline
circulation and finally, a view of the regional and interbasin circulation of water masses, which is
probably more helpful to understand the following chapters of this dissertation.
The following pictures and descriptions were mostly taken from the most recent review
regarding the circulation in the oceans written by Schmitz (1996).
Figure 1.4 schematically represents the thermohaline circulation in the Atlantic. The only
global feature involves Circumpolar Deep Water (CDW), which is initially formed from NADW
previously homogenised by a complex global circulation process, probably involving several
circuits in the Antarctic Circumpolar Current System (ACCS). CDW flows from the ACCS to the
northern North Atlantic, North Pacific and North Indian oceans and back to the ACCS as deep
water modified by mixing along the way (NADW). So the light blue lines of CDW represent a very
global process.
Purple in Figure 1.4 denotes upper water, red intermediate, green deep, and blue bottom,
light blue lines the CDW. Following Figure 1.4, 3 Sv (Sverdrup =106 m3·s-1) of upper waters and 2
Sv of (“upper”) intermediate water are converted from North Atlantic Central Water (NACW) to
SubPolar Mode Water (SPMW) by convection along its path in the subpolar region (McCartney
and Talley, 1982). These 3 Sv plus 2 Sv enter the polar seas of the North Atlantic from the most
eastern branch of the NAC, then are modified in the Arctic (Mauritzen, 1996) and exit the Denmark
Strait (3 Sv) and the Iceland Scotland Gap (2 Sv) as overflow waters, this is, the Nordic Seas
Overflow Waters (NSOW).
As the overflows plunge downslope they entrain 2 Sv of SPMW and 3 Sv of intermediate
water. In the western basin, the 3 Sv of DSOW plus the other 3 Sv entrained of SPMW are joined
by 2 Sv of modified western AABW to form 8 Sv of fresh LNADW, the bottom water north of 40-
45ºN. In the eastern basin, the 2 Sv of ISOW plus the 2 Sv of SPMW entrained join the 2 Sv of
modified AABW moving northwards in the eastern Atlantic to form 6 Sv of MNADW.
In the Labrador Sea, 3 Sv of SPMW are converted to LSW by convection and, in the Gulf of
Cádiz 1 Sv of MW is formed. These 3 Sv (SPMW) plus 1 Sv (MW) are mixed and entrained of
ambient subpolar gyre water to form UNADW.
Figure 1.4. A six-vertical-element meridional section for the thermohaline flow in the North Atlantic, with a simplified global linkage Circumpolar Deep Water (CDW).
Purple denotes upper layer, red intermediate, green deep, and blue bottom. CDW is shown in light blue lines. Geographical features: EQ denotes Equator, SFZ is
Subpolar Frontal Zone, PFZ is Polar Frontal Zone, AD is Antarctic Divergence. Transports in Sverdrups in circles. Figure taken from Schmitz (1996).
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The 8 Sv of LNADW move south of 40ºN along the eastern side of the Blake Bahama Outer
Ridge and there join the Deep Western Boundary Current (DWBC, here carrying primarily
MNADW and UNADW north of 20-30ºN) at 20-30ºN. All “brands” of NADW upwell or step up
one brand at the Equator and in the South Atlantic.
The total transport of NADW before crossing the Equator amounts to 8 Sv LNADW, 6 Sv
MNADW and 4 Sv UNADW, originated from 4 Sv modified AABW, 8 Sv NACW (modified to
LSW and SPMW), 5 Sv of upper AAIW and 1 Sv of MW.
Figure 1.5. Upper layer (temperatures > 7ºC) transports for the North Atlantic, update from Schmitz (1996)
based on the work by Schmitz and McCartney (1993). Transports in Sverdrups. Squares denote
sinking and hexagons denote entrainment. Red lines denote the replacement flow for the meridional
cell involving NADW, the latter formation being shown in blue boxes attached to dashed red lines,
which indicate that significant cooling may take place. Solid green lines characterize the subtropical
gyre and recirculations as well as the Newfoundland basin eddy. Dashed blue lines denote the addition
of Mediterranean Water.
The upper layer (temperatures greater than 7ºC) regional transport in the North Atlantic is
schematically represented in Figure 1.5. Red lines indicate the path of the upper layer flow that
participates in deep-water formation, with solid lines for the subtropical flow and dashed lines for
the subpolar and polar flows. Squares denote sinking and hexagons indicate entrainment of the
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upper layer replacement flow by the overflows. Green solid lines indicate closed, “non-stationary”
flows which include the Slope Water Gyre(s), the Newfoundland Basin Eddy (the southward
recirculation of the NAC) and the Antilles Current as part of the southern recirculation of the Gulf
Stream. Dashed blue lines indicate that part of the MW that contributes primarily to the UNADW
formation, although some MW influence is possibly present in the replacement flows entrained by
the overflows, and in SPMW, or even in the component of the NAC entering the polar seas.
The circulation of deep water in the North Atlantic is depicted in Figure 1.6, based on the
work by Schmitz and McCartney (1993). This figure mainly shows the circulation involving
NADW formation, not all the deep and bottom currents.
Figure 1.6. Schematic circulation for NADW (1.6-4ºC), update from Schmitz (1996) based on the work by
Schmitz and McCartney (1993). Transports in Sverdrups. Colored light blue areas denote
recirculation. Green denotes NADW, dark blue is bottom water, light blue lines are used when
NADW is also bottom water, red hexagons indicate entrained AAIW (modified) or SPMW or perhaps
even NACW. Squares represent sinking and triangles upwelling.
Deep and bottom currents in the North Atlantic are much affected by the topography of the
basin (Figure 1.1). In Figure 1.6 green denotes NADW, dark blue is bottom water, light blue lines
are used when NADW is also bottom water, red hexagons indicate entrained AAIW (modified) or
SPMW, or perhaps even NACW. Squares represent sinking, triangles upwelling and blue coloured
areas represent areas of deep recirculation.
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Four Sv of AABW cross the Equator and divide into two branches at about 20ºN, 2 Sv cross
the Vema fracture and flow northwards along the eastern basin. This AABW-influenced water is
joined by the ISOW plus entrained SPMW to follow towards the CGFZ towards the western basin,
where it joins a portion of the western AABW flowing northwards, this mixture then proceeds
towards the Irminger Sea. The deep current following the slope from the West European Basin,
then the Iceland Basin, the CGFZ and finally the Irminger Sea constitutes the so called Deep
Northern Boundary Current (DNBC). In the Irminger basin the former mixture is joined by the
DSOW (3 Sv), entrained SPMW and 4 Sv of recently formed LSW. This is the beginning of the
DWBC, which proceeds southwards around the Labrador Sea to eventually cross the Equator into
the South Atlantic.
Note the deep recirculation (shaded blue area) in the Gulf Stream system and east of the
NAC. Note as well, that the amplitude of the DWBC exiting the subpolar gyre is 17 Sv, increased
to 18 Sv at the Equator due to the 1 Sv recirculation of western AABW.
In the mid-latitude western basin the DWBC is divided into two, as it turns into the slope
water region: a direct path along the continental slope carries a DWBC component under the Gulf
Stream at Cape Hatteras, the other branch turn towards the southwest into the Sohm Abyssal Plain
to merge with the southern source water to the east of the Bermuda Rise and then flow west to join
the DWBC southeast of the Blake Bahama Outer Ridge.
1.5. THE SUBPOLAR NORTH ATLANTIC.
The Subpolar North Atlantic is generally understood as the area north of about 40ºN in the
North Atlantic. A schematic picture of the Subpolar circulation is shown in Figure 1.7 taken from
Schmitz (1996) suggested by McCartney and adapted from Ellett (1993), Heywood et al. (1994)
and Krauss (1986). The SubPolar Gyre System (SPGS) consists on warm water of subtropical
origin flowing within the NAC, while flowing northwards this warm water cools and is converted
to SPMW. A portion of the warm water carried by the NAC finally enters the polar seas where it is
transformed to overflow water. The NAC does not carry only subtropical water, it also entrains and
recirculates subpolar water to the north. The SPGS is composed by the NAC, the Irminger Current,
the East and West Greenland Currents and the Labrador Current. A part of the latter finally joins
again the NAC, closing the gyre. The transport in the upper layer of the NAC (down to 1500-2000
db, or 5-7ºC) is composed by:
- subtropical water from Gulf Stream system with remnants of AAIW.
- entrained MW.
- the recirculation of the NAC to the southeast within the Newfoundland basin.
- the north recirculation of the NAC (this is the proper or classical SPGS).
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Warm to cold water transformation does not occur in one large step at a single site in the
subpolar area. Rather, upper layer waters are progressively cooled, sink by convection, and are
modified by lateral and vertical mixing as they move around the northern recirculation of the NAC
or classical subpolar gyre. The SPGS is both wind-driven and a cooling spiral, converting NACW
into SPMW into LSW (see for example Talley and McCartney, 1982 and McCartney and Talley,
1984).
Figure 1.7. Circulation scheme for the northern North Atlantic according to Schmitz (1996) based on the
work McCartney, Heywood et al. (1994), Ellett (1993) and Krauss (1986). Red lines denote water
~15ºC, yellow ~4ºC and blue ~0ºC, with shadings of oranges or greens indicating intermediate
temperatures. The small curled or spiraling lines denote sinking.
Figure 1.8 from Schmitz (1996) gives a general scheme of the circulation in the Subpolar
North Atlantic as influenced by the Subtropical and Tropical North Atlantic. Neither upper nor
deep recirculations are included. In Figure 1.8, 9 Sv of mixed layer (upper 50-100 m) water with a
temperature greater than 24ºC enters the North Atlantic from the South Atlantic as a purple line.
This 9 Sv is converted (red line) to NACW (perhaps first partly to 18ºC water) in the subtropical
gyre and exits through the NAC while to some extent joining the subpolar gyre (orange lines). The
warmer segment of this flow (4 Sv) exits the subpolar gyre into the polar seas. The green line
crossing the equator into the North Atlantic carrying 5 Sv is “upper” intermediate water that
transits the subtropical gyre and also partly joins the subpolar gyre (orange). One sverdrup of
NACW is converted to MW which joins the NAC. Part of this MW plus some upper intermediate
water enters the polar seas for a total of 1 Sv (green line). The rest of the MW joins the subpolar
gyre. Five Sv in the NAC and subpolar gyre of subtropical origin is entrained into the overflows
(light blue for ISOW and the “modified” AABW that joins it to become MNADW, dark blue for
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DSOW) to increase their transports from 5 to 10 Sv. Four Sv of subtropical origin in the subpolar
gyre (orange) joins the flow of NADW (light blue line) in the subpolar regions as SPMW and LSW
and is eventually converted to UNADW with some MW influence. The DWBC carrying 16 Sv
NADW is joined by 2 Sv western AABW near the Grand Banks, and all this enters the subtropics
as a green-line, two-branch DWBC that combines and exits to the South Atlantic carrying 18 Sv.
Figure 1.8. A new scheme for the warm water interbasin and subpolar circulation in the northern North
Atlantic, taken from Schmitz (1996). Transports in Sverdrups. Triangles denote modified AABW. See
the text for an explanation of the colored lines.
1.6. OVERVIEW OF THIS DISSERTATION.
The oceans by virtue of their large capacity to store and transport heat are an essential part of
the earth climatic system. Additionally, they have an immense capacity to absorb and store the
excess (or anthropogenic) CO2 in the atmosphere derived from human activities.
Understanding the ocean circulation and variability, and its interaction with the atmosphere
is the essence of the World Climate Research Program (WCRP), whose single and demanding goal
is:
To understand and predict, to the extent possible, climate variability and climate change,
including human influence on climate.
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As an integral part of WCRP the World Ocean Circulation Experiment (WOCE) was
designed to improve the ocean models necessary for predicting decadal climate variability and
change. The specific two general goals of WOCE were:
- to develop models useful for predicting climate change and to collect the data necessary to
test them.
- to determine the representativeness of the specific WOCE data sets for the long-term
behaviour of the ocean to find methods for determining long-term changes in the ocean
circulation.
The first WOCE goal deals the determination and understanding on a global basis of the
large-scale fluxes of heat, freshwater and other biogeochemical variables, especially CO2. This
dissertation directly contributes to accomplish the first WOCE objectives since it thoroughly
analyses the physical and biogeochemical fluxes across the WOCE A25 or 4x section crossing the
southern boundary of the Subpolar North Atlantic (Figure 1.1). The section was sampled during
August-September 1997 and named 4x because it repeated section 4 sampled during the
International Geophysical Year (IGY) (Dietrich, 1969).
The U.K. Natural Environment Research Council as part of the U.K. contribution to WOCE
funded the 4x section. The Spanish participation involved the measurement of CO2 parameters (pH
and alkalinity), and was funded by the Spanish CICYT project MAR-97-1622-E. This funding
allowed Iris Soler Arístegui and myself to participate in the cruise collecting and measuring the
CO2 samples. The “Xunta de Galicia” with a “Beca Predoutoral” for two years and a half funded
my research at the “Instituto de Investigaciones Marinas, CSIC” in Vigo. My stay at the
Southampton Oceanography Centre (SOC) was also funded by the “Xunta de Galicia” with a travel
fellowship for 3 months. An essential part of this PhD was accomplished during my stay at SOC
under the supervision of Prof. Harry Bryden from the James Rennell Division.
Each chapter of this PhD is designed as an independent entity, and structured as typical
publications in oceanographic journals, with an abstract, an introduction, then a description of the
data set and methods used, followed by the presentation of the obtained results and their discussion,
finally each chapter is ended with a brief summary. Each chapter is also preceded by a wide
summary in Spanish.
As previously commented this PhD is a thorough analysis of the data collected during the 4x
cruise. Concretely, Chapter 2 analyses the water mass distribution, mixing and displacement along
the 4x section. Chapter 3 differs from the others because is not directly an analysis of the data taken
during the 4x cruise. In this chapter a new methodology for detecting the anthropogenic CO2 signal
in the North Atlantic is introduced and contrasted against the current knowledge about
biogeochemistry in this basin.
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The circulation pattern across the 4x section is determined by means of an inverse analysis in
Chapter 4. The fluxes of physical (mass, heat and salt) and biogeochemical (nutrients and oxygen)
variables are also determined and discussed in this chapter. Continuing with transports, the flux of
total inorganic carbon (TIC) and its anthropogenic signal (CANT) are estimated and discussed in
Chapter 5. In the corresponding chapters, the budgets for physical (heat and salt) and
biogeochemical (nutrients, oxygen, TIC and CANT) variables are obtained in the Subpolar and
Temperate North Atlantic combining our results with those from other authors across transoceanic
sections in the Subtropical North Atlantic. The results and implications of these budgets are widely
discussed.
Chapter 6 is a combination of the results obtained in the preceding chapters, from 2 to 5. The
structure of the physical and biogeochemical transports is analysed from different points of view.
The dissertation is finally ended with the main conclusions derived and some aspects about the
future work to be carried out.
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RESUMEN.
En este capítulo se analiza la estructura de las masas de agua, su mezcla y desplazamiento en
el giro Subpolar del Atlántico Norte, para ello se ha aplicado la técnica de análisis multiparamétrico
(Optimum Multiparameter analysis, OMP)  sobre los datos de la sección WOCE A25, 4x, situada
en el límite septentrional del giro Subpolar del Atlántico Norte. En el método OMP se plantean una
serie de ecuaciones lineales para cada muestra de agua, donde las incógnitas son las contribuciones
de los distintos tipos de masas de agua fuente (Source Water Types, SWT) y los datos conocidos
son las características de las SWT con respecto a los trazadores considerados conservativos. Estas
ecuaciones se adimensionalizan y se ponderan de manera que aquellos trazadores que se
determinen con una mayor precisión y que tengan una menor variabilidad en la zona fuente tengan
más peso. Existen dos restricciones adicionales para resolver este sistema de ecuaciones: la
conservación de volumen debe ser estricta, y por otro lado la contribución de cada SWT debe ser
positiva. Las ecuaciones lineales se resuelven con el método llamado “mínimos cuadrados no
negativos” (Non Negative Least Squares, NNLS).
En este estudio se utilizan como trazadores conservativos, la temperatura potencial (θ), la
salinidad (S) y el silicato (SiO4). Las características termohalinas de cada SWT se toman de la
bibliografía y las del silicato se aproximan inicialmente a partir de las regresiones entre S-SiO4 y θ-
SiO4. Estos valores iniciales de SiO4 se modifican iterativamente de manera que la diferencia entre
los introducidos y los generados por el modelo sea mínima. A cada una de las variables
conservativas iniciales y para cada SWT se asigna un error, tomado de las regresiones lineales entre
dichas variables. A aquellos SWT que tienen una variación temporal en sus características fuente
de escala interanual o decadal se les asigna un error mayor.
La matriz de SWT inicial se modifica con la finalidad de comprobar la estabilidad del
modelo de mezclas propuesto: cada uno de los errores asignados a cada SWT y trazador se
multiplica por un número aleatorio distribuido entre –1 y 1, el número resultado del producto se
suma al valor nominal de las características. Una vez modificada la matriz de SWT se resuelve el
sistema. Esta operación se repite 100 veces, i.e., se realizan 100 perturbaciones sobre la matriz de
SWT, y consecuentemente se obtienen 100 soluciones distintas. Finalmente se calcula la solución
media de estas 100 y las correspondientes desviaciones estándar, estas últimas dan una idea de la
estabilidad del sistema.
La fiabilidad del modelo se contrasta comprobando su capacidad para predecir la
distribución espacial de otros parámetros conservativos, como son el NO, PO y CAO.
En este trabajo se han propuesto 11 SWT distintos para explicar la variabilidad física en el
Atlántico Norte Subpolar. En consecuencia, se dispone de un sistema infradeterminado de 4
ecuaciones con 11 incógnitas, imposible de resolver por minimización. Este exceso de incógnitas
con respecto a ecuaciones se resuelve aplicando una serie de criterios oceanográficos que
restringen la mezcla de los distintos SWT. Por ejemplo, no se permite la mezcla de agua
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mediterránea al norte de la corriente del Atlántico Norte, los espacios de mezcla se ordenan
verticalmente, se permite la mezcla del agua del vertido de Islandia-Escocia (Iceland-Scotland
Overflow Water, ISOW) al este y oeste de la fractura de Gibbs, etc.
Se demuestra que el modelo de mezclas es estable y fiable, ya que predice más de un 97% de
la variabilidad de los parámetros NO, PO y CAO. Por otro lado, las características químicas
(nutrientes, oxígeno, alcalinidad, carbono inorgánico total...) medias de los SWT en la región se
calculan gracias a un modelo inverso. Una gran proporción de la variabilidad de estos parámetros
no conservativos también se correlaciona con procesos físicos de mezcla y por tanto el modelo
puede predecir gran parte de la variabilidad de estos parámetros químicos. Así es posible reducir
con un alto grado de confianza una amplia base de datos hidrográficos y químicos a las
características de unos pocos SWT y sus respectivas contribuciones en cada una de las muestras.
  Los residuos de las variables no conservativas, especialmente los del oxígeno identifican
niveles con patrones diferenciales de remineralización o ventilación. En concreto, el nivel situado
entre el agua central del Atlántico Noreste y la Mediterránea presenta una mayor remineralización
de materia orgánica, probablemente favorecida por el lento movimiento de esta capa situada entre
dos masas de agua con movimientos opuestos. Por el contrario, un nivel con una mayor ventilación
que la media de la sección se corresponde con el núcleo de agua mediterránea, la cual es una agua
recién formada y llegada a la zona. El nivel de máxima contribución de agua de labrador (Labrador
Sea Water, LSW) al oeste de la dorsal atlántica está más ventilado (es más joven) que el que se
encuentra al este de la misma, este hecho se enmarca dentro del patrón de circulación general de
esta masa de agua en el Atlántico Norte. A partir de las concentraciones de CFC-11 se calculó la
edad aparente del núcleo de LSW a lo largo de la sección 4x. Dividiendo la utilización aparente de
oxígeno por esta edad se obtiene la tasa de utilización de oxígeno (Oxygen Utilization Rate, OUR).
Los valores de OUR indican un mayor consumo de oxígeno en la LSW más recientemente
formada, es decir, aquella que se encuentra al oeste de la dorsal, al este los valores de OUR
prácticamente permanecen constantes y más bajos.
El modelo de mezclas confirma el transporte en los primeros 500 db de agua influenciada
por agua intermedia antártica (Antarctic Intermediate Water, AAIW), esta se detecta
principalmente por su alto contenido en silicato y llega a la zona Subpolar del Atlántico Norte
transportada en el sistema de Corriente del Golfo-Corriente del Atlántico Norte. Por otro lado, el
modelo detecta una influencia significativa de ISOW al sur de la fractura de Gibbs, esta masa de
agua de reciente formación contribuye a la ventilación de los niveles más profundos de la cuenca
este del Atlántico Norte. Por otro lado, se detecta la influencia de agua profunda del Atlántico
noreste (North Eastern Atlantic Deep Water, NEADW) en el mar de Irminger, lo cual corrobora el
esquema de circulación propuesto por McCartney (1992) para el agua con influencia del agua de
fondo antártica (Antarctic Bottom Water, AABW) que penetra en la cuenca este del Atlántico Norte
por la fractura de Vema y retorna al oeste cruzando la fractura de Gibbs.
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ABSTRACT.
An Optimum MultiParameter approach is applied over the WOCE A25, 4x section, data to
determine the water mass structure, spreading and mixing in the North Atlantic Subpolar gyre.
Weighted linear equations for the conservation of potential temperature, salinity, silicate and water
mass volume are solved by non-negative least squares minimisation. The underdetermined system
is resolved applying a mixing criterion, then checked against independent conservative variables as
NO, PO and CAO. The model is proved to be reliable, since it explains more than a 97% of the
previous conservative tracers’ variability. Additionally, perturbation experiments confirm its
stability and robustness. The model supports the transport of influenced Antarctic Intermediate
Water within the North Atlantic Current. Remnants of Iceland-Scotland Overflow Water are
detected in the eastern basin south of 50ºN, indicating a southward recirculation of this water mass.
Low but significant proportions of North Eastern Atlantic Deep Water are detected in the Charlie-
Gibbs Fracture Zone and Irminger Basin, confirming the northward circulation of this water mass
in the Northern Boundary Current. An inverse method correlated to the mixing percentages allows
to obtaining the chemical characteristics of the source water types in the Subpolar North Atlantic.
The model residuals for oxygen reveal layers with differential patterns of ventilation and
remineralization of organic matter. Concretely, the Labrador Sea Water (LSW) west of the Mid-
Atlantic Ridge (MAR) is more ventilated than at the eastern side, in agreement with the LSW
circulation pattern. Using CFC-11 apparent ages Oxygen Utilization Rates (OUR) were calculated
along the LSW core. OUR in the LSW core decreases from 2.5 µmol·kg-1·y-1 at the Irminger Sea to
1.7 µmol·kg-1·y-1 at the MAR, while in the eastern basin OUR remains practically constant at the
same value.
_______________________________________________________________________________
2.1. INTRODUCTION.
The North Atlantic Ocean is know to perform an important role in the global thermohaline
circulation and therefore in the Earth’s climate variability (Broecker and Denton, 1989; Broecker,
1991). Global thermohaline circulation is driven by inputs of dense water from high-latitude
sources: the southward flowing North Atlantic Deep Water (NADW) and the northward flowing
Antarctic Bottom Water (AABW). Several recent papers have updated and summarised the North
Atlantic circulation with a special emphasis on the sources, rates and pathways of NADW (Dickson
and Brown, 1994; McCartney, 1992; Schmitz and McCartney, 1993; Schmitz, 1996). Although a
consistent pattern for the NADW circulation is emerging as postulated by Dickson and Brown
(1994), some imbalances remain. One of them is the renovation of deep water in the North-Eastern
Atlantic. The two possible sources for deep-water ventilation in this basin are: Lower Deep Water
(LDW), this is, warmed AABW entering the Eastern Basin at the Vema Fracture, from here it
spreads north initially against the western margin to about 30ºN and then against the eastern margin
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of the Eastern Basin (McCartney et al., 1991; Saunders, 1987); the second source is the Iceland-
Scotland Overflow Water (ISOW) spilling over the Iceland-Faroe ridge system and then proceeds
southwards to the Charlie Gibbs Fracture Zone (CGFZ) mainly against the eastern flank of the
Reykjanes Ridge.
The difference between in situ measurements of the flow through the CGFZ (Saunders,
1994) and that estimated by global schemes of deep water circulation in the North Atlantic
(Dickson and Brown, 1994; McCartney, 1992; Schmitz and McCartney, 1993) or by direct
measurements across basin-wide sections (Bersch, 1995; van Aken and Becker, 1996), could be
balanced by recirculating LDW in the Eastern Basin and/or a net flow of ISOW south of the CGFZ
in the North-Eastern Atlantic.
Several papers state that no ISOW influence is detected south of the CGFZ in the Eastern
Basin (Broecker et al., 1985; Harvey and Arhan, 1988; Tsuchiya et al., 1992). Against geostrophic
calculations of a southward recirculation of ISOW (Bacon, 1997; Bersch, 1995; Harvey and
Theodorou, 1986; van Aken and Becker, 1996), or a recent work by van Aken (2000) in which
recirculation of ISOW as far south as the Madeira Abyssal Plain was suggested by means of an
Optimum Multi-Parameter (OMP) analysis. On the other hand, cyclonic recirculating LDW in the
Eastern Basin along the eastern flank of the Mid-Atlantic Ridge (MAR) was proposed in the review
by McCartney (1992) and the work by van Aken and Becker (1996).
In this work water masses mixing and displacement along a section in the southern boundary
of the North Atlantic Subpolar Gyre are studied by means of a modified OMP analysis. The paper
is structured as follows. The “Data set” section briefly describes the directly measured and derived
variables. The “Methods” section presents the mixing model applied and its potential outputs. The
water masses structure, source water characterization and mixing analysis criteria are then
thoroughly described in section 2.4. The reliability and robustness of the model, along with the
water masses mixing and characterization solved by the model are finally evaluated and discussed
in section 2.5.
2.2. DATA SET.
As part of the World Ocean Circulation Experiment (WOCE) a section was sampled across
the southern boundary of the Subpolar North Atlantic Ocean from Vigo (North Western Iberian
Peninsula) to Cape Farewell (South Greenland) during the RRS Discovery cruise 230, 4x cruise,
WOCE A25, in August-September 1997 (Figure 2.1).
Continuous recording of temperature, salinity and pressure was obtained by Conductivity-
Temperature-Depth (CTD) instruments using a Neil Brown MKIII incorporated into a rosette
sampler with 24 Niskin bottles. Subsamples for salinity, nutrients, oxygen, chlorofluorocarbons, pH
and alkalinity were taken during the cruise. Here we will briefly describe the methodologies
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employed for each variable analysis. A more detailed description about sampling procedures,
measurement protocols and data quality control checks is given in Bacon (1998).
Hereafter, temperature or θ will refer to potential temperature and S will refer to salinity.
Salinity samples were analysed on a Guildline 8400A salinometer calibrated with IAPSO Standard
Seawater following the WOCE standards [although see Bacon et al. (2000) for a discussion of
standard seawater salinity evolution]. Nutrients were analysed on board using SOC Chemlab AAII
type Auto-Analyser coupled to a Digital-Analysis Microstream data capture and reduction system.
Precision for nitrate (NO3), phosphate (PO4) and silicate (SiO4) was evaluated at ±0.2, ±0.05 and
±0.1 µmol.kg-1 respectively. Oxygen (O2) was determined by Winkler potentiometric titration
following the indications described in the WOCE Manual of Operations (Culberson, 1991).
Oxygen precision was better than 1 µmol·kg-1. The ChloroFluoroCarbons (CFC) samples were
analysed using a modified version of the GC-ECD system described in Boswell and Smythe-
Wright (1996). Precision of CFC measurements was ±0.005 pmol·kg-1.
Figure 2.1. Station locations along the Vigo-Cape Farewell, WOCE A25, 4x section. EGC stands for East
Greenland Current, IAP for Iberian Abyssal Plain and CGFZ for Charlie-Gibbs Fracture Zone.
Seawater pH was measured using a double wavelength spectrophotometric procedure
(Clayton and Byrne, 1993). The indicator was a 1 mM solution of m-cresol purple sodium salt in
Milli-Q water. All absorbance measurements were made by a Beckman DU600 spectrophotometer
in a thermostat 10-cm cell. Temperature was controlled using a refrigerated circulating temperature
bath, all measurements were performed at 25 ºC. pH was expressed on the total scale. pH
measurements were made to an accuracy of ±0.002 based on analysis of Certified Reference
Material (CRM) provided by Dr. Dickson (Scripps Institution of Oceanography). Total Alkalinity
(TA) was determined by automatic potentiometric titration with HCl to a final pH of 4.44 (Pérez
Chapter 2. Mixing Analysis.
22
and Fraga, 1987). The electrode was standardised using an NBS buffer of pH 7.413 and checked
using an NBS buffer of 4.008. This method has a precision of 0.1% (Pérez and Fraga, 1987), and
an accuracy of ±2 µmol·kg-1 based on analysis of CRM.
Total Inorganic Carbon (TIC) was estimated from pH and alkalinity data using the
thermodynamic equations of the carbonate system (Dickson, 1981) and the constants determined
by Mehrbach et al. (1973). This procedure was verified by Ríos and Rosón (1996) and the error of
TIC is estimated to be ±3 µmol.kg-1 according to error transmission.
Apparent Oxygen Utilization (AOU) is calculated as AOU = O2sat – O2, where oxygen
saturation (O2sat) is calculated by means of the UNESCO (1986) equation. Derived conservative
parameters as NO and PO (Broecker, 1974) and CAO (Ríos et al., 1989) are used in this study,
respectively defined as: NO = O2 + RN · NO3, PO = O2 + RP · PO4 and CAO = O2 + RC · [TIC – 0.5 ·
(TA+NO3)] where RN, RP and RC are stoichiometric coefficients of O2 consumption to NO3, PO4 and
TIC production, respectively, with the values of RN = 10.63, RP = 170 and RC = 1.45 from Anderson
and Sarmiento (1994). NO and PO correct for the remineralization of organic matter while CAO
accounts the former processes along with the dissolution of calcareous structures.
Additionally, apparent CFC-11 ages (τCFC11) for each water sample were calculated as described
by Bullister (1984) and Doney and Bullister (1992) using the solubility function of Warner and Weiss
(1985) and the reconstructed history of atmospheric CFC-11 partial pressure in the northern
hemisphere from Walker et al. (2000).
2.3. METHODS.
This section describes the methodology used to decompose each water sample into its Source
Water Types (SWT) composition along with the potential information to be obtained from the mixing
analysis.
2.3.1. Mixing model.
The mixing model employed here is based on the Optimum MultiParameter analysis developed
by Dr. M. Tomczak and coworkers (the web site http://www.ifm.uni-
hamburg.de/∼wwwro/omp_std/node2.html gives a wide and detailed description of the method and
related bibliography). Briefly, the OMP method consists on quantifying the mixture of a set of n SWT
that makes up a given water parcel/sample. The mixing is solved minimising the residuals of a set of p
tracer mixing equations in a Non-Negative Least Square sense (NNLS). Considering also water mass
conservation, at least p-1 tracers are needed to resolve the mixing of p SWT, thus n (number of SWT)
must be always less than p+1 (number of tracers+1) if the best solution is to be sought. In the case that
n = p+1 there is only one possible solution, no optimization is done.
 Linear equations are usually set with uncorrelated conservative parameters, as temperature and
salinity. However, in several studies oxygen and nutrients were also introduced in the analysis
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assuming their conservative behaviour (e.g., Hinrichsen and Tomczak, 1993; Larqué et al., 1997).
Alternatively, conservative chemical parameters as NO, PO or CAO can substitute the use of non-
conservative chemical parameters. Another possibility is the introduction in the mixing equations of a
supplementary term representing biological processes, this is, performing an extended analysis
(Karstensen and Tomczak, 1998; Poole and Tomczak, 1999).
The OMP analysis takes into account the precision and source variability of each measured
tracer. Thus a weighting term is introduced into each equation, higher weights are given to those
parameters more precisely measured and with a lower variability in the source region.
The system of linear equations to be solved can be expressed as:
W · (A · x - b) = minima.          (2.1a)
with Σi xi = 1 and xi ≥ 0 for all i.          (2.1b)
where i stands for each SWT to a total of n, W is the diagonal weighting matrix with (p+1, p+1)
dimensions where p is the number of tracers, A is a (p+1, n) matrix containing p tracer values for n
SWT, the (p+1)th row is equal to 1 to set the first constraint, x is a (n, 1) solution matrix containing
each SWT contribution to a water sample, and b (p+1, 1) contains the measured values of the tracer
variables, its (p+1)th row is set to 1 to satisfy the first constraint.
The robustness or stability of the analysis is tested by numerical perturbation experiments.
Matrix A is modified in the following manner: normally distributed random numbers are multiplied
by the error assigned to each tracer and SWT, these numbers are then added to matrix A, to finally
resolve the system. Perturbations are only performed over matrix A, we consider the errors in
matrix b, thus in the measured variables, negligible compared to those in the SWT. A total of 100
perturbations are computed to then calculate the mean and STandard Deviation (STD) of the
solution matrix.
In this analysis we have used as conservative parameters temperature, salinity and assumed
the conservative behaviour of silicate, especially for those waters below the thermocline. Thus,
only a maximum of 4 SWT can be analysed simultaneously. However, mixing of up to 11 water
types occurs in the North Atlantic Subpolar gyre. Next section describes the physical and silicate
characteristics and corresponding errors of the SWT implied in the analysis and the oceanographic
criterion applied to overcome the excess of SWT relative to the number of tracers used. The
relative weight assigned to each equation is also detailed in section 2.4.
2.3.2. Chemical characterisation of the water types.
Assuming that only physical mixing explains the variability of other chemical tracers not
included in the mixing analysis, a type vector for each of them can be calculated following Pérez et al.
(1993) and Castro et al. (1998) as:
T = X-1 · N            (2.2)
where X (Ndata, n) is the matrix with the SWT proportions, N (Ndata, 1) is a column vector with the
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measured values of a chemical property, T (n, 1) is another column vector with the SWT values for the
tracer considered. The type vector T provides an estimation of the inherent preformed tracer
concentration when the SWT is formed plus the mean biological ageing within the region (Castro et
al., 1998), giving information about the mean characteristics of the SWT along the section.
The difference between the observed chemical concentration (N) and that predicted using the
type vectors (NCALC) are the model residuals or anomalies (∆N):
NCALC = X · T            (2.3)
∆N = N-NCALC            (2.4)
These anomalies encompass the non-conservative behaviour of the chemical tracer, the error
in the measurements, the non-stationary nature of the SWT properties, this is, the temporal
variability of water masses at the geographical sources, and the uncertainty of the mixing model.
For each perturbation performed in A we calculated a type vector T and the corresponding
anomalies for the different chemical tracers. After 100 perturbations a mean and STD are
calculated for the series of type vectors and anomalies.
This kind of analysis will be performed over the conservative parameters NO, PO and CAO
in order to check the reliability of the proposed mixing model. As not affected by biological
processes the variability of these derived chemical parameters must be mainly explained by the
physical mixing processes modelled. In the case of non-conservative tracers their anomalies would
provide information about areas with different patterns of remineralization/ventilation rates along
the section.
2.4. WATER MASS ANALYSIS AND SOURCE CHARACTERIZATION.
In this section we describe the vertical distributions of the conservative tracers used in the
mixing analysis and other non-conservative tracers along the section, with the aim of describing the
SWT characteristics. The mixing spaces, or oceanographic criterion, applied to solve the excess of
SWT relative to the number of tracers introduced in the mixing model are also detailed.
2.4.1. Water mass structure.
2.4.1.1. Upper waters.
The upper 1000 db in the North Atlantic are the domain of mode waters which are those formed
by deep winter convection driven by heat loss at the sea surface (McCartney and Talley, 1982). The
term Subpolar Mode Water comprises one of the largest volumes of mode waters in the North Atlantic
Ocean with temperatures ranging from 4 to 14 ºC. Pycnostads of this water sandwiched between the
main pycnocline and the seasonal pycnocline circulate within the North Atlantic basins giving rise to
different varieties. In this study we will refer to the Eastern North Atlantic Central Water (ENACW)
variety (Harvey, 1982).
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Subarctic Intermediate Water (SAIW) with θ from 4 to 7ºC and S less than 34.9 (Bubnov, 1968)
is not a mode water formed by thermal convection (Arhan, 1990). SAIW originates in the western
boundary of the Subpolar Gyre (Bubnov, 1968; Iselin, 1936; Read and Ellett, 1991; Wüst, 1935),
probably in the Labrador Current (Arhan, 1990). Southwards from the line of vanishing Ekman suction
SAIW subducts into the permanent thermocline and spreads southwards (Arhan, 1990; Read and
Ellett, 1991) northwest of the Azores Plateau (Worthington, 1976), but it was also found as far east as
20 ºW by Harvey (1982). In this study SAIW is defined with the following θ-S characteristics 5.6ºC
and 34.75 (Table 2.1), lying within the “pure” SAIW domain defined by Harvey and Arhan (1988).
A sharp shallow front in temperature and salinity between stations 59 and 64 over the CGFZ
(Figure 2.2a, b) identifies the northern branch of the North Atlantic Current (NAC) turning eastwards
(Iselin, 1936; Worthington, 1976; McCartney and Talley, 1982; Sy, 1988; Arhan, 1990). This front
separates colder and less saline waters northwards from warmer and saltier water southwards.
Nutrients as silicate and nitrate (Figure 2.2c and 2.3a, respectively) as well as AOU and TIC (Figure
2.3b and 2.3c, respectively) also trace this frontal area. The signal of SAIW is clearly seen in the upper
500 db north of the NAC in a core of water with salinity and temperature less than 34.9 and 5ºC,
respectively and relative silicate maximum about 11 µmol·kg-1 (Figure 2.2).
The upper 1000 db east of the MAR, south of the NAC and north of 40 ºN are the domain of the
ENACW (Harvey, 1982; Pollard et al., 1996; Ríos et al., 1992). According to the latter authors
ENACW is a winter mode water in which strong winter cooling has increased the density and hence
also the salinity anomaly at a given temperature with relation to the fresher Western North Atlantic
Central Water. Within ENACW two varieties can be discerned (Fiúza, 1984; Ríos et al., 1992), colder
subpolar ENACW moving southwards west of Galicia and warmer subtropical ENACW moving
northwards between the Azores and Portugal. Subpolar ENACW forms east of 20ºW and north of
42ºN with temperatures less than 12.2ºC (Fiúza, 1984; Fraga et al., 1982; Harvey, 1982; Pollard et al.,
1996). Subtropical ENACW is characterised by higher temperatures (>13ºC) and formed in the area of
the Azores Current (Pollard and Pu, 1985; Ríos et al., 1992).
As an upper limit for subtropical ENACW (designed as ENACWT) we chose the θ-S values of
15.3 ºC and 36.12 in agreement with Ríos et al. (1992) and Castro et al. (1998), for its lower limit the
θ-S values of 12.2 ºC and 35.66, which is the upper limit of ENACW defined by Harvey (1982) and
coincides with that proposed by Pollard and Pu (1985). In our analysis this end-member is designed as
H in honour of Harvey. The lower limit of subpolar ENACW is designed as ENACWP and defined
with the θ-S values of 8ºC and 35.23, as proposed by van Aken and de Boer (1995) in agreement with
McCartney and Talley (1982) and Castro et al. (1998). See Table 2.1.
Antarctic Intermediate Water (AAIW) is formed at the Subantarctic front at about 45ºS by
ventilation of Subantarctic Mode Water formed in the Southeast Pacific (McCartney 1977, 82; Reid,
1994). The AAIW spreading along the South Atlantic until about 20ºN is clearly detected as a salinity
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Figure 2.2. Vertical distributions along the 4x section of (a) potential temperature (θ in ºC), (b) salinity (S
in psu) and (c) silicate (SiO4 in µmol·kg-1). Note the different scale for the upper 1000 db. Isolines
for 3.5ºC and 2.5ºC and, for 34.95 psu and 34.85 psu were added to Figure 2a and b, respectively.
CGFZ stands for Charlie-Gibbs Fracture Zone, MAR for Mid-Atlantic Ridge and IAP for Iberian
Abyssal Plain.
27 Figure 2.3
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Figure 2.3. Vertical distributions along the 4x section of (a) nitrate (NO3 µmol·kg-1),  (b) Apparent Oxygen
Utilization (AOU in µmol·kg-1), (c) Total Inorganic Carbon (TIC in µmol·kg-1) and (d) CFC-11
concentration (in pmol·kg-1). Note the different scale for the upper 1000 db. CGFZ stands for Charlie-
Gibbs Fracture Zone, MAR for Mid-Atlantic Ridge and IAP for Iberian Abyssal Plain.
minimum at σθ = 27 – 27.3 kg·m-3 (Wüst, 1935; Reid, 1989; Suga and Talley, 1995). However, north
of 20ºN AAIW can also be detected by its high and contrasting silicate content (Metcalf, 1969; Mann
et al., 1973; Tsuchiya, 1989). Using silicate Tsuchiya (1989) traced the extension of diluted AAIW in
the North Atlantic transported by the Gulf Stream-North Atlantic Current.  In this study we refer to the
diluted AAIW encountered in the North Atlantic as AA with the θ-S characteristics of 7ºC and 34.9 in
agreement with former studies at 20ºN (Fraga et al., 1985; Pérez et al., 2001; Tsuchiya et al., 1992).
2.4.1.2. Intermediate waters.
This subsection deals with waters situated in the 1000 to 2000 db range in the Northern North
Atlantic: progressive cooling of Subpolar Mode Water in the Labrador Basin within its cyclonic
circulation produces Labrador Sea Water (LSW) (Talley and McCartney, 1982). LSW can be traced as
a potential vorticity minimum with temperatures of approximately 3.4ºC, about 34.89 of salinity and
high oxygen content (Arhan et al., 1994; Cunningham and Haine, 1995; Harvey and Arhan, 1988;
Talley and McCartney, 1982; Tsuchiya et al., 1992). The circulation pattern of LSW in the North
Atlantic was described by Talley and McCartney (1982). From the Labrador Sea the newly formed
LSW is advected in three main directions: north-eastwards into the Irminger Sea, south-eastwards
across the Atlantic at about 50ºN into the Eastern Basin, and southwards with the Labrador Current.
The LSW core is found at an average depth of 1500 db in the northwest Atlantic and dives gradually to
2000 db south-eastwards.
In the Irminger Sea, mainly in its western side, local LSW coming from the Iceland Basin mixes
with Denmark Strait Overflow Water (DSOW) (Talley and McCartney, 1982). This local LSW is
colder and fresher than the usual LSW convectively formed in the Labrador Sea. However, Read and
Gould (1992) suggest that this LSW was formed in the Labrador Sea during a period of stronger
cooling. This colder and fresher LSW was also reported by Bersch (1995), Stoll et al. (1996) and Sy et
al. (1997) with θ-S characteristics of 2.9ºC and 34.84. In this work we select the latter θ-S properties to
account for the LSW type, as it encompasses the different modifications of LSW along its path in the
North Atlantic. See Table 2.1.
Centred upon 1000 db a salinity maximum traces the Mediterranean Water (MW) core in the
eastern North Atlantic, also characterised by a temperature and AOU maximum (Figure 2.2a, b and
Figure 2.3b). For the MW end-member we chose 11.74ºC and 36.5 which are the thermohaline MW
representative characteristics after it has sunk and stabilised at about 1000 meters depth in the Atlantic
Ocean (Ambar and Howe, 1979; Wüst and Defant, 1936; Zenk, 1975).
Chapter 2. Mixing Analysis.
29
LSW is clearly detected in the thermohaline and chemical vertical distributions along the section
with a θ and S minimum (Figure 2.2a and b) and a nutrient and AOU minimum (Figure 2.2c, 2.3b) but
CFC-11 maximum (Figure 2.3b and 2.3d) and TIC minimum (Figure 2.3c). In the Irminger Basin
LSW is detected as an homogeneous thermohaline layer centred at 2000 db, then it spreads into the
eastern basin at shallower depths where its θ, S and AOU minima are eroded by the overlaying MW
with θ, S and AOU maxima (Figure 2.2a, 2.2b and 2.3b, respectively).
2.4.1.3. Deep and bottom waters.
Lee and Ellett (1967) defined North-Eastern Atlantic Deep Water (NEADW) as the deep water
underlying the LSW core south of the Rockall Plateau. Both LSW and MW modify NEADW.
However, some contradictions exist regarding the ISOW influence. Tsuchiya et al. (1992) stated that
NEADW is the result of the mixing between North Western Deep Atlantic Water and MW, with
practically no ISOW influence, in contradiction with Lee and Ellett (1967) or Swift (1984), who
affirm that ISOW is one of NEADW’s main constituents.
McCartney (1992), Dickson and Brown (1994) and Schmitz (1996) proposed the circulation of
LDW-influenced water within the Deep Northern Boundary Current in the Northern North Atlantic.
North of 30ºN LDW flows northwards as an eastern intensified flow (Saunders, 1987) proceeding to
the Rockall Trough and Plateau (Dickson and Brown, 1999; Mann et al., 1973; McCartney, 1992;
Tsuchiya et al., 1992) and then westwards to the Iceland basin towards the CGFZ, where it joins the
deep overflow ISOW.  From  the CGFZ a portion enters the eastern Irminger Sea (Dickson and
Brown, 1999; McCartney, 1992) to finally join the Deep Western Boundary Current and a portion is
proposed to recirculate southwards in the eastern basin. In the Iberian Basin down from 2500 db
NEADW is quite homogeneous in its thermohaline characteristics (Figure 2.2a, b) with a linear trend
in the θ-S representation (Mantyla, 1994; Saunders, 1986). Silicate and nitrate concentrations are high,
>24 and >19 µmol·kg-1 respectively, and CFC-11 is negligible (Figure 2.2c, 2.3a, 2.3d, respectively).
Silicate presents a steep vertical gradient pointing to the influence of water originating from the
Southern Ocean in NEADW (Arhan et al., 1994; Tshuchiya et al., 1992). For the lower limit of
NEADW (NEADWl) in the Iberian Basin we selected the NEADW’s θ-S values given by Castro et al.
(1998). It is known that NEADW mixes with the overlying LSW reducing its salinity north of 42ºN
and MW increases its salinity, mainly south of 41ºN. The point where no LSW or MW can be detected
defines the NEADW upper limit (NEADWu, Castro et al., 1998). The upper and lower NEADW
characteristics are comprised within the line proposed by Saunders (1986). See Table 2.1.
 The overflows spilling over the Greenland-Scotland ridge system into the deep North Atlantic
basins constitute a major source of salt to the deep water of the world ocean (Reid and Lynn, 1971;
Swift, 1984). The overflows in the northern North Atlantic are saline deep water derived from the
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Denmark Strait and Iceland Scotland ridge, being the densest and principal components of NADW
(Broecker and Takahashi, 1980; Fine, 1995; McCartney, 1992).
The Denmark Strait Overflow Water (DSOW) is a well-ventilated, young overflow water
passing through the Denmark Strait (Swift et al., 1980; Swift, 1984). The formation area of DSOW
was proposed to be the Greenland Sea where it forms by isopycnal mixing within the East Greenland
Current (Strass et al., 1993). However, in a recent work, Mauritzen (1996) proposed that the more
likely source for DSOW is the Arctic Ocean where the Arctic Atlantic Water forms and flows with the
East Greenland Current towards the Denmark Strait.
Within the Denmark Strait the DSOW is characterised by salinities from 34.8 to 34.9, θ from 0
to 1ºC and σθ from 27.95 to 28 kg·m-3 (Swift et al., 1980; Swift, 1984). After leaving the Denmark
Strait DSOW descends and mixes with Atlantic Water carried west by the Irminger Current and its θ-S
characteristics are modified, becoming warmer (Mann, 1969). Our selected values for the θ-S
properties of the DSOW type were taken from Stoll et al. (1996), obtained in the Irminger Sea, near
Cape Farewell. See Table 2.1. Temperatures below 2ºC (Figure 2.2a), low values of  AOU (Figure
2.3b), a relatively minimum of nutrients (Figure 2.2c and 2.3a) and CFC-11 maximum (Figure 2.3d) in
the Irminger Sea indicate the presence of DSOW.
Norwegian Sea Overflow Water (NSOW) flows into the Iceland Basin across the sills in the
Faroe Bank Channel and in the Iceland-Faroe Ridge, NSOW and Arctic Intermediate Water entrain
surface subpolar water (Dooly and Meincke, 1981; van Aken and Eisma, 1987) and form a new
more or less homogeneous water type, Iceland Scotland Overflow Water, ISOW (Ellett and Martin,
1973; Harvey and Theodorou, 1986, their ISOW1). Following the latter authors we chose the
ISOW’s θ-S characteristics to be 1.93ºC and 34.96, very similar to those reported by van Aken and
de Boer (1995) and Stoll et al. (1996) in the Iceland Sea. The ISOW influence is detected above
DSOW in the Irminger Sea and at the bottom of the CGFZ with temperatures less than 3ºC and
salinity in the range between 35.95 and 35 (Figure 2.2a, b).
2.4.2. SWT and mixing analysis.
The θ-S and SiO4 characteristics and errors of the SWT are listed in Table 2.1. The
thermohaline characteristics were taken from the literature as commented in the previous subsection
and the corresponding errors from the standard errors of the θ-S or S-SiO4 regression equations in the
respective θ-S or S-SiO4 range following Poole and Tomczak (1999). However, higher errors are
assigned to the characteristics of some SWT as they are reported to change on inter-annual and decadal
time scales, as LSW and ISOW (Dickson et al., 1996; Read and Gould, 1992; Sy et al., 1997; van
Aken, 1995). Changes in the upper layer θ-S characteristics were also reported by Dickson et al.
(1988), Pérez et al. (1995) and Pollard and Pu (1985).
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Silicate values for each SWT were firstly extrapolated from S-SiO4 regression lines. After
obtaining the contribution matrix X, a type vector for SiO4 is calculated as described in section 2.3.2.
The former SiO4 values are reintroduced as initial characteristics and the model is solved again. This
iterative process was repeated until the difference between introduced and modelled SiO4 values was
minimum (we calculated a maximum absolute difference of 0.4 µmol·kg-1).
Table 2.1. Characteristics and errors of the SWT matrix. Correlation coefficient (r2) and standard error
(Std. Err.) of the regression between the measured and modelled variable. Number of data  = 1563.
SWT θ 
(ºC)
Salinity
(psu)
SiO4
(µmol·kg-1)
ENACWT 15.30 ± 0.13 36.12 ± 0.02 0.5 ± 0.1
H 12.20 ± 0.13 35.66 ± 0.02 3.4 ± 0.1
ENACWP 8.00 ± 0.1 35.23 ± 0.05 11.1 ± 1
SAIW 5.60 ± 0.1 34.75 ± 0.05 2.1 ± 1
AA 7.00 ± 0.1 34.90 ± 0.05 17.4 ± 1
MW 11.74 ± 0.1 36.50 ± 0.05 8.8 ± 1
LSW 2.90 ± 0.3 34.84 ± 0.04 10.4 ± 1.3
ISOW 1.93 ± 0.1 34.96 ± 0.001 12.9 ± 1
DSOW 1.20 ± 0.1 34.89 ± 0.05 9.5 ± 1
NEADWu 2.40 ± 0.01 34.93 ± 0.001 37.8 ± 0.4
NEADWl 2.03 ± 0.01 34.89 ± 0.001 46.9 ± 0.4
r2 0.9999 0.999 0.999
Std. Err. 0.012 0.011 0.3
As introduced in section 2.3.1 each tracer equation is properly weighted, each weight Wi is
calculated taking into account the standard deviation (STD) of the tracer i in the SWT matrix A and the
mean error (δ) ascribed to the estimation of the SWT tracers (Table 2.1), Wi = STD(Ai) / mean (δAi).
The weights used were Wθ = 2, WS = 1 and WSiO4 = 1, a weight of 100 has been attributed to the mass
conservation equation, thus is always accurately conserved.
The total number of SWT is 11 and the number of tracers used in the mixing analysis is 3 (θ, S
and SiO4). Therefore only a maximum of 4 SWT can be simultaneously considered. In order to solve
this problem we propose an oceanographic criterion for water masses mixing: firstly, samples are
separated according to the oceanographic frontal area situated at the NAC (Figure 2.4). North of the
NAC no MW is allowed in the mixing model. South of the NAC MW mixes with H and ENACWP in
agreement with previous works (Castro et al., 1998; Pérez et al., 1993), other mixing spaces south of
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the NAC are H-AA-ENACWP-SAIW and AA-SAIW-ENACWP-LSW (Figure 2.4a). These spaces are
overlapping, samples situated in the intersection surface will be ascribed to the space where the
minimum residual of the NNLS method is obtained.
Figure 2.4. Potential temperature (θ) - salinity (S) – silicate (SiO4) diagrams for bottle samples collected
during the 4x cruise: (a) south of the North Atlantic Current (NAC) and (b) north of the NAC.
Characteristics of the Source Water Types are also represented. Samples belonging to surface waters
are not included.
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Figure 2.2a and b show that waters below 2000 db are very homogeneous in their physical
features, but silicate presents an eastward increasing trend (Figure 2.2c). Therefore, although the water
flowing northwards against the eastern margin has the same θ-S characteristics as that flowing
southwards against the eastern flank of the MAR, its silicate content is higher. In this sense, the most
likely low-silicate source water for the North Eastern Atlantic basin with similar θ-S features as
NEADW is ISOW. So, the space defined by NEADWu-LSW-ISOW-MW is used to solve the mixing
of deep waters south of the NAC (Figure 2.4a). This space instead of that confined within NEADWl-
LSW-ISOW-MW constrains more tightly our model, avoiding the inclusion of MW below 3000 db, as
well as possible deviations from the line NEADWu-NEADWl, which encompasses the variability of
bottom waters in the IAP (Castro et al., 1998; Mantyla, 1994; Saunders, 1986).
North of the NAC the upper waters mixing is solved by the ENACWT–H line and the SAIW-
AA-ENACWP-H space overlapping with SAIW-AA-ENACWP-LSW (Figure 2.4b), resolved in the
same way as previously commented.
As previously introduced LDW-influenced water (NEADW) in the Iceland, Irminger Seas and
the CGFZ was reported by several authors (Mann et al., 1973; Tsuchiya et al., 1992; van Aken and
Becker, 1996). Therefore, to resolve the mixing dynamics of deep and bottom waters, except those in
the IAP, we propose the quadrangle defined by NEADWu-LSW-ISOW-ENACWP. Accordingly,
bottom waters are resolved by LSW-ISOW-NEADWu-DSOW (Figure 2.4b). NEADWu is used
instead of NEADWl because the former will better constrain the model and too much extrapolation
will be avoided (Figure 2.4b).
This mixing spaces will be proved to be representative and reliable along the section, and thus in
the Subpolar North Atlantic as will be contrasted in the following section.
2.5. MODEL RESULTS.
2.5.1. Reliability and robustness of the mixing model.
The residuals produced when solving equation 2.1 give insights about the reliability of the
proposed mixing model. Likewise, the ability of the model to reproduce the measured values of the
tracers introduced in the model (θ, S, SiO4) and other conservative tracers (e.g. NO, PO, CAO) in the
way described in section 2.3.1 also verifies its reliability.
The NNLS method returns the squared largest singular value for the set of residuals resulted
from equation 2.1a (Total Residual). The linear equations are properly normalised to make the system
dimensionless and weighted as described in section 2.4.2. The total residual for the individual samples
is shown in Figure 2.5a and the relative dimensionless and weighted contribution from each equation
(θ, S, SiO4 and mass conservation) is shown in Figure 2.5b. 96.6% of the samples present a total
residual value less than 0.005, these samples have a maximum STD in matrix X of 2%. Samples with a
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poorer fit are concentrated in the upper 500 db due to their thermohaline variability (Figure 2.5b).
Some samples centred at 1500 db also present a relative maximum in the total residual value, but in
this case mainly ascribed to the SiO4 variability (Figure 2.5b).
Figure 2.5. (a) Total residuals from the mixing model, (b) individual dimensionless and weighted residuals
from each equation introduced in the mixing analysis. Note the wider scale for the upper 1000 db.
The correlation coefficient (r2) between the measured and expected values for conservative
tracers and the standard error (Std.Err.) of the corresponding residuals (see section 2.3.2) provide
an estimation of the goodness of our proposed mixing model. The expected tracer values used in
the computation of the former r2 and Std.Err. are the means obtained after 100 perturbations were
performed over the SWT matrix A. In the case of the tracers introduced in the model (θ, S, SiO4)
the r2 values are higher than 0.99 and the corresponding Std.Err. of the residuals keep low, 0.012
ºC, 0.011 psu and 0.3 µmol·kg-1, slightly higher than the measurement error 0.002 ºC, 0.002 psu
and 0.1 µmol·kg-1, for θ, S, SiO4, respectively (Table 2.1). The former results point to the high
degree of reliability of the mixing model, able to reproduce the thermohaline and silicate variability
along the section.
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Table 2.2. Chemical characteristics and errors of the SWT. Correlation coefficient (r2) and standard error (Std. Err.) for the regression between
the measured and modelled variable. Number of data  = 1563.
SWT NO
(µmol·kg-1)
PO
(µmol·kg-1)
CAO
(µmol·kg-1)
NO3
(µmol·kg-1)
PO4
(µmol·kg-1)
O2
(µmol·kg-1)
AOU
(µmol·kg-1)
TA
(µmol·kg-1)
TIC
(µmol·kg-1)
ENACWT 242 ± 3 244 ± 5 1563 ± 3 0.4 ± 0.4 0.04 ± 0.03 237 ± 3 7 ± 3 2369 ± 2 2097 ± 3
H 337 ± 2 328 ± 2 1620 ± 2 10.4 ± 0.2 0.60 ± 0.01 227 ± 2 34 ± 2 2347 ± 1 2137 ± 2
ENACWP 392 ± 2 413 ± 3 1656 ± 2 19.1 ± 0.2 1.31 ± 0.02 189 ± 3 96 ±  3 2331 ± 2 2184 ± 2
SAIW 458 ± 3 481 ± 4 1745 ± 4 9.8 ± 0.6 0.75 ± 0.04 354 ± 6 -50 ± 6 2289 ± 2 2107 ± 5
AA 398 ± 5 456 ± 7 1636 ± 7 23.1 ± 0.7 1.79 ± 0.06 153 ± 8 139 ± 8 2298 ± 4 2181 ± 4
LSW 468 ± 1 491 ± 2 1736 ± 2 16.8 ± 0.2 1.19 ± 0.01 290 ± 2 33 ± 2 2296 ± 1 2152 ± 1
MW 335 ± 2 302 ± 3 1618 ± 2 15.9 ± 0.2 0.80 ± 0.02 167 ± 2 94 ± 2 2424 ± 3 2219 ± 2
ISOW 442 ± 3 481 ± 4 1721 ± 2 14.2 ± 0.3 1.12 ± 0.02 291 ± 3 40 ± 3 2288 ± 2 2135 ± 2
DSOW 459 ± 5 493 ± 5 1745 ± 4 14.6 ± 0.4 1.12 ± 0.03 303 ± 3 35 ± 3 2287 ± 3 2143 ± 3
NEADWu 466 ± 1 481 ± 2 1709 ± 1 21.3 ± 0.1 1.42 ± 0.01 239 ± 1 88 ± 1 2355 ± 1 2199 ± 1
NEADWl 480 ± 1 513 ± 2 1721 ± 1 22.2 ± 0.2 1.58 ± 0.01 244 ± 1 87 ± 1 2364 ± 1 2209 ± 1
r2 0.981 0.971 0.976 0.949 0.951 0.961 0.909 0.971 0.923
Std. Err. 8 12 7 0.8 0.06 7 7 5 6
3
5
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Figure 2.6. Vertical distributions along the 4x section of (a) NO, (b) PO and (c) CAO residuals from the
mixing model (real – modelled values, all in µmol·kg-1). Note the different scale for the upper 1000
db. CGFZ stands for Charlie-Gibbs Fracture Zone, MAR for Mid-Atlantic Ridge and IAP for Iberian
Abyssal Plain.
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The characterization of the SWT for the conservative parameters NO, PO and CAO is given in
Table 2.2. As conservative parameters their variability should be explained by the physical mixing
mechanisms modelled. In this sense, if correct, the mixing model proposed must explain most of their
variability, their residuals must be low and chaotically distributed along the section.
The model explains about a 98% of the conservative parameters’ variability (Table 2.2). The
residuals’ Std. Err. for NO, PO and CAO are 8, 12 and 7 µmol·kg-1, respectively, to be compared with
the expected error due to the reproducibility of the corresponding analysed chemical parameters, being
3, 9 and 7 µmol·kg-1. These values are slightly lower than the error adjustment of the model. It must be
taken into account that the reproducibility between stations can be lower than that obtained in the same
sample bottle and that the stoichiometric coefficients also present a certain degree of uncertainty
(Anderson and Sarmiento, 1994). So reproducibility error can be higher.
No clear spatial pattern in the vertical distributions of NO, PO and CAO residuals can be
discerned (Figure 2.6). Anomalies keep low and chaotically distributed with higher values in the upper
1000 db due to the poorer fit of the model (Figure 2.5a), additionally upper values for NO, PO and
CAO can be affected by air-sea fluxes of oxygen and carbon dioxide, thus introducing deviations from
their conservative behaviour.
The former evidences confirm the validity and reliability of our SWT characterization and the
oceanographic criterion used to overcome the excess of SWT relative to equations used.
On the other hand, the stability of the output contribution matrix X was tested by means of
perturbation experiments on matrix A as explained in section 2.3.1. One hundred matrix X are
obtained, a mean and a STD is calculated for each SWT contribution and water sample. The STD
values give an idea of how stable the system is. Table 2.3 indicates the percentage of analysed water
samples with a STD value smaller than 1%, 5% and 10% for each SWT. The average percentage of
samples with a STD value lower than 1% is 78%, increasing to 98% with the 5% criterion and to
practically 100% for the 10% criterion.
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Table 2.3. Percentage of water samples for each SWT with a standard deviation value in the contribution
matrix X less than 1%, 5% and 10%. Mean values represent the average of the percentages for all the SWT.
Number of data  = 1563.
SWT <1% <5% <10%
ENACWT 95.3 100.0 100.0
H 79.3 100.0 100.0
ENACWP 49.8 99.1 100.0
SAIW 81.1 100.0 100.0
AA 78.4 100.0 100.0
MW 85.0 100.0 100.0
LSW 40.7 90.3 100.0
ISOW 70.7 91.6 99.9
DSOW 98.0 99.3 100.0
NEADWu 79.3 100.0 100.0
NEADWl 100.0 100.0 100.0
Mean 78.0 98.2 100.0
2.5.2. SWT contributions.
The mean SWT contributions along the 4x section are shown in Figure 2.7. ENACW is a mode
water with two varieties subtropical and subpolar, as introduced previously. ENACW subtropical and
subpolar have been described in this work as two lines, each one defined by two SWT: ENACWT-H
and H-ENACWP, respectively. For the sake of simplicity these three SWT contributions have been
summed and represented in Figure 2.7a. The maximum contribution of H represents the lower limit of
subtropical ENACW, which predominates in the upper 300 db of the eastern end of the 4x section,
south of the NAC. The NAC structure is marked as an abrupt gradient in the ENACW isolines
between station 59 and 64, over the CGFZ (Figure 2.7a).
The maximum of H (blue line in Figure 2.7a) marks the transition from subtropical (upwards) to
subpolar (downwards) ENACW. Higher contributions of subpolar ENACW are situated below the
subtropical variety at 600-900 db east of the MAR (Figure 2.7a), smaller contributions are found
shallower west of the MAR. The coldest and freshest mode of subpolar ENACW, is subducted within
small patches into the thermocline south of around 45ºN mainly by positive lateral induction, so that
the fluid is transported towards areas of shallower mixed layers (Paillet and Mercier, 1997). In this
sense, cores of subpolar ENACW (>70%) were found about 680 db, from station 35 to 53 (from
41.5ºN-20ºW to 48.5ºN-27.8ºW) (Figure 2.7a).
39 Figure 2.7.
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Figure 2.7. Source Water Types mean contribution along the 4x section, vertically ordered: (a) ENACW
(Eastern North Atlantic Central Water), DSOW (Denmark Strait Overflow Water) and NEADWl
(lower North Eastern Atlantic Deep Water), (b) SAIW (SubArctic Intermediate Water), MW
(Mediterranean Water) and ISOW (Iceland Scotland Overflow Water), (c) AA (modified Antarctic
Intermediate Water) and NEADWu (upper North Eastern Atlantic Deep Water), (d) LSW (Labrador
Sea Water). Note the different scale for the upper 1000 db. CGFZ stands for Charlie-Gibbs Fracture
Zone, MAR for Mid-Atlantic Ridge and IAP for Iberian Abyssal Plain.
East of the MAR modified Antarctic Intermediate Water (the AA type, Figure 2.7c) freshens
subpolar ENACW. AA was found around 600 db in the same geographical location as ENACW and
reaching as far east as the Azores Biscay Rise (45ºN, 24ºW). Concretely, AA reached a maximum
contribution of only 40% within the NAC. According to Tsuchiya (1989) AAIW traverses the NAC
and finally enters the subpolar gyre and then the polar seas. Tsuchiya et al. (1992) along the 20ºW
section in the North Atlantic ascribes a weak silicate maximum north of 40ºN to AAIW coming from
the NAC. van Aken and Becker (1996) in a review about the hydrography in the north-eastern North
Atlantic ascribes the salinity minimum, relatively high silicate and low oxygen content of the σ2=32
kg·m-3 density surface in the Rockall-Hatton Plateau to a AAIW influence. Inverse model results
predict a northeastward flow at 500 db in the north eastern North Atlantic at 50ºN (Paillet and Mercier,
1997). Additionally, geostrophic calculations referred to velocities recorded by an ADCP along the
WOCE A1E/AR7E (Cape Farvel-Porcurpine Bank) yield a northeastward mass transport in the upper
600 db of the eastern Irminger basin and Rockall Plateau (Bersch, 1995). These evidences along with
our results point to a transport of AAIW remnants from the NAC towards the north eastern North
Atlantic, remember that only a maximum of 40% of AA was calculated within the NAC, constituting
only a 10% of pure AAIW as encountered at the Subantarctic Front. Thus, in this region, the AAIW
influence is mostly detected in modifications towards low oxygen and high silicate values as the
salinity signal is highly diluted.
The fresher and colder SAIW was mainly found in the upper 500 db north of the NAC,
subducting south of it and spreading southeastwards at about 500 db (Figure 2.7b), where it mixes
laterally with subpolar ENACW and vertically with the underlying LSW. The SAIW signal is lost
around station 50 (26.5ºW-47.3ºN) in accordance with observations of small amounts of SAIW in the
eastern basin (Arhan et al., 1994; Harvey, 1982). In the Irminger Sea, minor contributions of subpolar
ENACW were found in the upper 1000 db (Figure 2.7a), in this region predominates the fresher and
colder SAIW (Figure 2.7b) and the densest mode of subpolar mode water, LSW (Figure 2.7d), which
penetrates directly from the Labrador Sea into this basin (McCartney and Talley, 1982).
The MW core was found about 1100 db being eroded in its westward spreading by turbulent
mixing (Arhan and King, 1995; Mazé et al., 1997) by subpolar ENACW.
Chapter 2. Mixing Analysis.
41
The 4x section crosses three of the main spreading paths of LSW in the North Atlanticn. In this
sense, three main cores of LSW can be distinguished in Figure 2.7d: the northernmost, a doming core
in the Irminger Sea, coming directly from the Labrador Sea; a core situated on the northern wall of the
CGFZ which corresponds to the Talley and McCartney’s (1982) “eastern branch” and finally, a core
corresponding to the south-westward recirculation of LSW between 42-50ºN situated from the CGFZ
to the Azores Biscay Rise. Eastward from this topographic ridge LSW is rapidly diluted with the
overlying MW (Figure 2.7b) (Arhan et al., 1994; Paillet et al., 1998; Tsuchiya et al., 1992) giving rise
to the saltier Deep Mediterranean Water by a rapid mixing process, probably double diffusion (Paillet
et al., 1998). Figure 2.7d confirms that LSW reaches the North Atlantic eastern boundary in relatively
high proportions as first mentioned by Pingree (1973).
NEADW constitutes the major water mass below 3200 db in the Iberian Basin (Figure 2.7a and
c), while from 2000 to 3200 db it mixes with LSW, eroding the NEADW salinity maximum signal
(Arhan et al., 1994; Tsuchiya et al., 1992). Note the sloping trend of the isolines of NEADWu towards
the eastern margin (Figure 2.7c), confirming the eastward intensification of the northward flow of
NEADW and deep upwelling along the european coast (Arhan et al., 1994; Stommel and Arons,
1960). Towards the MAR, NEADWu is diluted with LSW and minor proportions of ISOW, which is
also found in the bottom layer against the eastern MAR (Figure 2.7b), both ISOW and LSW contribute
to reduce the silicate content of deep waters in the eastern flank of the MAR. ISOW once crossed over
the CGFZ proceeds northwards into the Irminger Sea where it encounters on its upper part LSW
flowing northwards and on its lower part DSOW, especially in the western slope of the Irminger Sea,
flowing southwards (Figure 2.7).
van Aken (2000) proposed ISOW as a main component of NEADW along with LDW, MW and
LSW, by means of an OMP analysis with the former end-members he found ISOW contributions
within the 20-25 % range in the IAP. An opposite argument is given by Tsuchiya et al. (1992) who
purposed NEADW as a result of mixing between North Western Atlantic Deep Water, MW and
DSOW with a very small ISOW influence, finding no ISOW influence south of the Rockall Plateau
along the 20ºW North Atlantic section. Likewise, Harvey and Theodorou (1986) quantified the ISOW
influence in the North Eastern Atlantic, finding ISOW contributions lower than 15% south of the
Rockall Trough.
In the CGFZ, LSW mixes with the underlying ISOW flowing to the north-west Atlantic basin
preferentially along the CGFZ northern wall (Figure 2.7b) (Harvey and Theodorou, 1986; Swift,
1984). Minor contributions of NEADWu were found in this region (Figure 2.7c), evidencing the flow
of antarctic-influenced water to the western Atlantic as described in section 2.4.1.3. Low but
significant fractions of NEADWu were even found against the eastern flank of the Irminger basin.
In this work the variability of deep waters in the Iberian basin is resolved by the NEADW line,
no deviations from it are allowed, only waters warmer than 2.4ºC (the NEADWu) can be modified by
LSW, ISOW or MW. We have proved this approximation to be reliable. van Aken (2000) allows the
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free mixing of LDW (our NEADWl), MW, ISOW and LSW in the Iberian basin. Using this approach
and our SWT we calculated ISOW, LSW and MW contributions lower than 10%, 20% and 4%,
respectively for samples comprised in the NEADW line in the Iberian basin, while van Aken (2000)
obtained results in the following ranges, 30-15%, 45-38% and 5-2% for ISOW, LSW and MW. We
consider NEADW as a water mass, a body of water with a common formation history and a large
volumetric census (Wright and Worthington, 1970) within the NADW complex. The van Aken’s
(2000) analysis lead to equivocal and inconsistent patterns of circulation in the North Eastern North
Atlantic.
  2.5.3. SWT chemical characteristics.
SWT chemical characteristics for different parameters were obtained as described in section
2.3.2 and shown in Table 2.2. These values provide information about the averaged properties of each
SWT in the Subpolar gyre of the North Atlantic. Errors were calculated as the sum of the STD values
due to the perturbation analysis plus the standard errors of equation 2.2 in which T and X are the mean
of the 100 solutions computed. Errors due to the perturbations in the SWT matrix A are small
compared to the mean final error of equation 2.2 for each SWT. Mathematically, in a mixing space the
error mainly depends on the data population encompassed within the space not on the initial values of
the SWTs.
The correlation coefficients between the measured and modelled non-conservative variables,
nutrients, oxygen, AOU, TA and TIC are higher than 90%, indicating that most of their variability is
explained by physical mixing processes. In fact, remineralization processes partially covary with the
thermohaline distribution, thus the SWT chemical characterization partially includes biological
activity, remineralization of organic matter and dissolution of hard parts.
The upper warm and saline ENACWT presented the lowest nutrient and TIC concentrations,
with an oxygen value close to saturation, as it is formed in the nutrient-poor surface waters of the
subtropical gyre (Pollard and Pu, 1985; Pérez et al., 1993). Colder varieties of ENACW (H and
ENACWP) were characterised by higher nutrients and TIC concentrations, AOU values indicate a
higher degree of biological ageing.
AA and SAIW presented extreme and contrasting values for AOU, AA is the most
remineralized SWT and SAIW the most ventilated. If formed in the Labrador Current (Arhan, 1990),
the SAIW encountered along the 4x line has recently arrived in the area and presents a high degree of
ventilation. Instead proper Antarctic Intermediate Water forms at the SouthAntarctic Front, therefore
the modified version reaching the North Atlantic has had time enough to suffer remineralization
processes and reach relatively high values of nutrients and AOU.
MW stands out by its high TA value, and although recently formed, the AOU and nutrient
values point to a high degree of remineralization of organic matter. LSW is clearly distinguished from
the overlying MW and the deeper NEADWu by its low AOU value, indicating a recent ventilated
water mass.
Chapter 2. Mixing Analysis.
43
The two overflows, ISOW and DSOW presented similar chemical characteristics, which clearly
differ from those of NEADW, which as an older water mass is more remineralized, with higher
nutrient and AOU levels.
2.5.4. Model residuals.
As introduced previously, the residuals of non-conservative variables show differential patterns
of remineralization and ventilation along the section not accounted for by the model. In this case, most
of the variability of the non-conservative variables is explained by the model (Table 2.2). Moreover,
the standard error of the linear adjustments between measured and predicted variable for nutrients, TA
and TIC is only slightly higher than the measurement uncertainty. Only oxygen and AOU residuals
have a standard error (7 µmol·kg-1 for both of them) significantly higher than the measurement
uncertainty (0.5 and 1 µmol·kg-1, respectively).
Figure 2.8. Vertical distribution along the 4x section of AOU residuals (real – modelled, in µmol·kg-1).
Negative (positive) values denote areas more ventilated (remineralized) than the section mean. Note
the different scale for the upper 1000 db. CGFZ stands for Charlie-Gibbs Fracture Zone, MAR for
Mid-Atlantic Ridge and IAP for Iberian Abyssal Plain.
Consequently, only the vertical distribution of AOU residuals presents clear spatial patterns. In
Figure 2.8, negative values indicate areas where measured AOU is higher than the predicted value,
thus, indicating areas more ventilated than the mean along the section. In contrast, positive residuals
correspond to areas more remineralized. The upper 500 db are very noise. Within the 500-1000 db a
remineralized layer (positive residuals) is distinguished and spreads from the Reykjanes Ridge to the
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Iberian Abyssal Plain. Up to station 44 this layer corresponds to the AA intrusion (Figure 2.7c).
Further east, from station 44 to 7 the layer with positive anomalies locates between the ENACWp and
the MW maxima. ENACWp displaces southward and MW northward, consequently, a level of slow
motion is created between them, favouring remineralization processes (Castro et al., 1998; Pérez et al.,
1993). In contrast, a region of less ageing corresponds to the MW core (Figure 2.7b and 2.8), which
has recently arrived in the area, and gets older in its northward spreading.
Clear patterns of AOU anomalies can be discerned associated with the LSW maximum (Figure
2.7d and 2.8, respectively). West of the MAR (located at about 2000 km) AOU anomalies are mainly
negative while eastwards the sign reverses. The model provides the mean characteristics of the LSW
type along the whole section (Table 2.2), therefore, the AOU residuals point to a more recently formed
LSW west of the MAR than eastwards. This is consistent with the circulation pattern of LSW in the
North Atlantic ocean introduced in section 2.4.1.2.
Along the LSW maximum contribution Oxygen Utilization Rates (OUR) were computed
dividing AOU values by CFC-11 ages (τCFC11) (Figure 2.9). This calculation assumes that: CFC-11 and
oxygen were in equilibrium when LSW left the surface, isopycnal and diapycnal mixing do not alter
the AOU-τCFC11 relationship and finally, the non-linear aspect of the CFC-11 vs. time curve is
unimportant (Doney and Bullister, 1992). The age of the LSW core increases eastwards from 14±3
years in the Irminger Sea to 19±1 years east of the MAR (Figure 2.9a). According to Figure 2.9a, when
the LSW core arrives at the easternmost end (Iberian Peninsula coast) is 28±2 years old and it spreads
eastwards at a mean rate of 0.56±0.03 cm·s-1, value in agreement with that calculated by Top et al.
(1987) from Tritium-He3 ages for the eastward spreading of LSW in the CGFZ
AOU values along the LSW core (Figure 2.9b) slightly increase eastwards indicating a higher
biological ageing of the water mass along its pathway, in the Iberian Abyssal Plain (east of 1000 km)
the AOU increase can be related with mixing with the overlying MW (Figure 2.7b) with a higher
AOU. The relationship between AOU and τCFC11 is the following: AOU = 19±3 + 1.06±0.13 · τCFC11,
r2= 0.68 (p<0.0001), pointing to an oxygen undersaturation of 6%-7% when LSW was formed, values
in agreement with those reported by Clarke and Coote (1988) in the Labrador Sea. OUR along the
LSW core (Figure 2.9b) progressively decreases from about 2.5 to 1.7 µmol·kg-1·y-1 at the MAR,
remaining practically constant eastwards. Using also CFC ages, typical OUR values in the eastern
North Atlantic calculated by Doney and Bullister (1992) by isopycnal analysis range between 5
µmol·kg-1·y-1 at σθ= 27.5 kg·m-3 and 10 µmol·kg-1·y-1 at σθ=26 kg·m-3, in reasonable agreement with the
estimations by Jenkins (1987) in the eastern subtropical gyre using Tritium-3He ages. The OUR values
here calculated agree with the tendency given by Doney and Bullister (1992) in their figure 11,
although LSW (σθ= 27.8 kg·m-3) is out of their studied range.
The former numbers for τCFC11 and OUR must be taken cautiously. A recent paper by Sonnerup
(2001) studies the relationship between CFC-derived ages and ideal ages derived from a simple
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thermocline-ventilation model, and concludes that CFC and ideal ages agree within 25% up to 15-25
years. In older waters, CFC ages are always younger than ideal ages. On the other hand, in the
Irminger Sea our 14 years-old LSW is considerably older than the 0.5-1 years estimations by
Koltermann et al. (1999) and Sy et al. (1997) based on a temporal and spatial analysis of the LSW
thermohaline properties. In addition, immediately east of the MAR our LSW is about 24 years old,
which also exceed the estimations by Cunningham and Haine (1995) or Koltermann et al. (1999) who
suggest 9 to 5 years as the time the LSW takes to arrive at the MAR from the Labrador Sea. Wallace
and Lazier (1988) reported that LSW can originate at only a 60% saturation in CFC. If this is the case,
τCFC11 would be overestimated and OUR values underestimated. On the other hand if LSW is formed
in oxygen undersaturation conditions (Clarke and Coote, 1988), AOU would be overestimated and
consequently OUR values as well.
Figure 2.9. Characteristics of the LSW core (maximum contribution) along the 4x section: (a) contribution
and CFC-11 apparent age (τCFC11 in years), (b) Apparent Oxygen Utilization (AOU in µmol·kg-1) and
Oxygen Utilization Rates (OUR in µmol·kg-1·y-1).
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In summary, along the LSW spreading in the Subpolar North Atlantic several complex
mechanisms can interact to alter AOU and τCFC11, and consequently OUR: i) a possible disequilibrium
in oxygen and CFC at the source region, ii) the residence time of LSW in the source region can be
longer than a year, if water newly formed by convection does not leave the formation region in the
same year, it can reside for several years and mix with water formed in different years, iii) τCFC11 can
be altered by mixing, due to the non-linear aspect of the CFC evolution curve in the atmosphere.
2.6. SUMMARY AND CONCLUSIONS.
The water mass structure, mixing and spreading in the North Atlantic Subpolar gyre were
analysed by means of an Optimum MultiParameter approach applied over the WOCE A25, 4x section,
crossing the southern boundary of this gyre. Linear conservation equations for potential temperature
(θ), salinity (S), silicate (SiO4) and mass were solved in a non-negative least squares sense. Mass
conservation is stringently constrained while the other equations are properly normalised and
weighted. Higher weights are given to the tracers more precisely measured and with a lower variability
in the source region.
Source Water Types (SWT) thermohaline characteristics were taken from the bibliography.
Silicate characteristics were initially approximated from θ−SiO4 and S-SiO4 regression lines. Optimum
SWT SiO4 values were iteratively calculated until the difference between introduced and predicted
SWT SiO4 values was minima. An error is assigned to each SWT tracer taken from the standard errors
of the θ−S or S-SiO4 regression lines in the corresponding θ−S or S-SiO4 range, following Poole and
Tomczak (1999). Higher errors are assigned to some SWT as they are reported to change in inter-
annual and decadal time scales.
The robustness or stability of the analysis is tested by numerical perturbations over the SWT
matrix. In addition, the reliability of the model is checked contrasting the ability of the model to predict
the distribution of other conservative parameters as NO, PO and CAO.
In this study, we proposed 11 different SWT to resolve the water mass structure in the North
Atlantic Subpolar gyre. However, these SWT are not allowed to mix indistinctly. To overcome the
excess of SWT relative to tracers, we proposed some oceanographic criteria constraining the mixing:
Mediterranean Water is not allowed north of the North Atlantic Current, mixing spaces are vertically
ordered, deep water in the Iberian Abyssal Plain correspond to the thermohaline line defined by
Saunders (1986) and Mantyla (1994), Iceland-Scotland Overflow Water is allowed east and west of the
Charlie-Gibbs Fracture Zone (CGFZ), upper North-Eastern Atlantic Deep Water is allowed to mix
west of the CGFZ.
The proposed mixing model was proved to be stable and reliable, predicting more than a 97% of
the NO, PO and CAO variability. The mean non-conservative chemical concentrations (nutrients,
oxygen, AOU, TA, TIC) for each SWT in the sampled region were calculated using an inverse
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method. A high proportion of their variability is correlated with physical mixing processes, and thus,
predicted by the model. Therefore, it is possible to reduce a large hydrographic and chemical data set
to the hydrographic and chemical properties of rather few SWT with a high degree of confidence.
Diluted Antarctic Intermediate Water (AAIW), our AA type, is transported in the upper 600 db
of the NAC system as far east as the Azores-Biscay Rise. A maximum contribution of only 40% of
AA (10% of pure AAIW) is detected in the NAC, being probably transported northeastwards into the
North Eastern North Atlantic. A low but significant ISOW influence is detected south of the CGFZ
latitude, mainly against the eastern flank of the MAR, thus, contributing to the deep water Eastern
Basin ventilation. Likewise, upper NEADW is detected as far north as the Irminger Sea corroborating
the LDW circulation pattern proposed by McCartney (1992) and Dickson and Brown (1999).
Differential patterns of remineralization or ventilation can be identified by means of the spatial
distribution of oxygen and AOU residuals. A layer of higher mineralization corresponded with the
slow motion layer between subpolar Eastern North Atlantic Central Water and Mediterranean Water.
By contrast, a layer of ventilation corresponded to waters recently arrived in the area, as Mediterranean
Water in the eastern basin. The Labrador Sea Water core west of the MAR is relatively more ventilated
than in the eastern basin, in agreement with its pattern of circulation. Oxygen Utilization Rates
calculated using apparent CFC-11 ages point to a higher consumption of oxygen in younger LSW west
of the MAR than east of the ridge, where OUR remains practically constant.
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RESUMEN.
En el presente capítulo se cuestionan algunos aspectos de la metodología más ampliamente
utilizada en la estimación de la concentración de carbono antropogénico en el océano, la
desarrollada por Gruber et al. (1996, GSS’96 a partir de ahora). Este método es una “back-
calculation technique” es decir, un retrocálculo en el que a la concentración de carbono inorgánico
total actual se le corrige el efecto de la regeneración de materia orgánica y la disolución o
precipitación de carbonato cálcico. GSS’96 reformuló los cálculos inicialmente propuestos por
Brewer (1978) y Chen y Millero (1979) introduciendo un nuevo parámetro conservativo (C*) y
utilizando edades aparentes en la estimación final del carbono antropogénico (CANT).
En este capítulo se analizan algunos de los inconvenientes de la metodología propuesta por
GSS’96, haciendo énfasis en la evaluación de la alcalinidad preformada, es decir, aquella que
contiene una masa de agua en el momento de su formación. El análisis se realizó sobre datos
públicos de CO2 de alta calidad tomados a lo largo del 20ºW desde 35ºN a 63ºN en el Atlántico
Norte, la línea denominada OacesNAtlIIB-93 (realizada en julio/agosto 1993). Una vez
introducidas y desarrolladas las mejoras planteadas, se reevalúa el contenido en CANT a lo largo de
esta línea para finalmente discutir la consistencia de nuestros resultados.
Básicamente la metodología de GSS’96 asume que la alcalinidad no está afectada por el
aumento antropogénico de CO2 en la atmósfera; que existe un desequilibrio efectivo de CO2 entre la
atmósfera y el océano cuando las masas de agua se forman y que éste permanece constante a lo
largo del tiempo y en una misma superficie isopícnica; las masas de agua se forman con un 100%
de saturación en oxígeno y que el transporte de agua es principalmente a través de superficies
isopícnicas.
Según GSS’96 al contenido en carbono antropogénico se estima con la siguiente fórmula:
CANT = CT – AOU/RC – ½(∆TA + AOU/RN ) - CTeqπ  – ∆CTdis
donde CT (Total Inorganic Carbon) es la concentración de carbono inorgánico total; ∆ΤA = TA –
TA0, es la alcalinidad total (Total Alkalinity) medida menos la preformada, es decir, la variación de
alcalinidad debida a la disolución de carbonatos; AOU (Apparent Oxygen Utilization) es la
utilización aparente de oxígeno; RC y RN son coeficientes estequiométricos que proporcionan la
relación entre la producción de carbono y de nitrato con respecto al consumo de oxígeno,
respectivamente, sus valores se tomaron de Anderson y Sarmiento (1994); CTeqπ es el carbono en
equilibrio con la presión de CO2 atmosférica en la época pre-industrial y ∆CTdis es el desequilibrio
de CO2 cuando la masa de agua se forma. GSS’96 estima los valores del desequilibrio en intervalos
isopícnicos utilizando valores medios de su parámetro conservativo (C*) en zonas no contaminadas
por carbono antropogénico y en aquellas donde existe ya una penetración de trazadores
antropogénicos combina valores de C* con edades aparentes estimadas a partir de trazadores
transitorios (tritio/helio, clorofluorocarbonos).
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En este capítulo se detalla la metodología de GSS’96 y sus presunciones, demostrando la
incorrecta estimación de la alcalinidad preformada y del carbono en equilibrio con la atmósfera
pre-industrial. La parametrización de la TA0 propuesta por GSS’96 no es congruente con el
conocimiento actual sobre la disolución de carbonato cálcico. De acuerdo con la revisión de
Milliman et al. (1999) existe una considerable disolución de carbonato cálcico por encima de la
lisoclina gracias a la acción biológica. Por otro lado la TA0 de GSS’96 no es congruente con los
datos de flujo de carbono inorgánico frente a orgánico registrados en trampas de sedimentación
situadas en el Atlántico Norte.
El carbono en equilibrio con la atmósfera pre-industrial también está afectado por la
incorrecta estimación de la alcalinidad preformada, así como por el uso de unas incorrectas
constantes termodinámicas y la falta de inclusión del efecto del vapor de agua en el cálculo de la
presión parcial de CO2 pre-industrial. Todos estos factores junto con el uso incorrecto de edades
aparentes demasiado alejadas de las reales llevaron a GSS’96 a estimar unos valores exagerados de
desequilibrio de CO2.
En este capítulo se propone una nueva metodología para la estimación de la TA0 basada en la
descomposición de materia orgánica e inorgánica y corroborada por datos tomados en trampas de
sedimentación en el Atlántico Norte. La metodología es algo complicada y larga de explicar, les
remito a la sección “Evidence for an inaccurate estimation of TA0 and CTeqπ “.
Introduciendo las siguientes mejoras en la metodología de GSS’96: la nueva TA0, la
inclusión del efecto del vapor de agua en el cálculo de la presión de CO2 pre-industrial y el uso de
las constantes de Mehrbach et al. (1973), llegamos a la conclusión de que el desequilibrio de CO2
cuando las masas de agua se forman es reducido y prácticamente despreciable dentro de la
incertidumbre total en la estimación del CANT.
Esta innovadora y atrevida propuesta se corrobora con los pocos datos hidrográficos, de CO2
y oxígeno disponibles en zonas de formación de masas de agua y en condiciones invernales,
cuando existe una capa termohalina lo suficientemente homogénea.
La notación utilizada para los términos de carbono inorgánico en este capítulo es igual a la
usada en GSS’96, facilitando la comparación entre ambos trabajos. La notación usada en los
capítulos 5 y 6 es diferente a la usada en el 3, cabe decir que CT es exactamente lo mismo que TIC
(Total Inorganic Carbon).
ABSTRACT.
The back-calculation technique for evaluating the anthropogenic CO2 (CANT) input corrects
total inorganic carbon for the remineralization of organic matter and the dissolution of calcium
carbonate, along with subtracting the pre-industrial equilibrium total inorganic carbon. This
technique is mainly dependent on the estimation of the preformed values of total alkalinity, oxygen
and partial pressure of CO2 (pCO2). A new approach for estimating the preformed alkalinity (TA0)
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in the North Atlantic Ocean is suggested. TA0 is parameterized as a function of the inorganic to
organic carbon decomposition ratio in the water column in agreement with sediment trap data and a
recent review by Milliman et al. (1999), which gives evidence for a considerable calcium carbonate
dissolution in the upper 500-1000 m of the ocean, above the lysocline. We recalculated the CANT
content in a section along the Eastern North Atlantic (OacesNAtlIIB-93) using this new TA0, the
Mehrbach et al. (1973) CO2 dissociation constants, and including the effect of water vapor pressure
on estimation of the pre-industrial pCO2. Our findings lead us to conclude that the CO2
disequilibrium when water masses are formed is small and not significant. Direct and indirect
evidence based on available high-quality CO2 data taken in formation areas in late winter
conditions support this argumentation.
_______________________________________________________________________________
3.1. INTRODUCTION.
The oceans have taken up from one third to one half of the anthropogenic CO2 emitted to the
atmosphere (Siegenthaler and Sarmiento, 1993; Watson et al., 1995). In this sense, the Atlantic
Ocean is considered to be the most important CO2 sink (Takahashi et al., 1997). In particular, the
North Atlantic Ocean is an area of deep-water formation where much of the CO2 taken up is
sequestered on centennial time scales because of the large scale meridional overturning circulation.
The gravitational settling of biogenic debris from the photic zone transports carbon to the
deep ocean. This debris consists of soft-tissue organic compounds and hard siliceous and
calcareous skeletons, and its remineralization in the water column contributes to the creation and
maintainance of concentration gradients in the ocean. This process is known as the “biological
pump”, divided into the “soft-tissue pump” and the “carbonate pump” (Volk and Hoffert, 1985).
The anthropogenic CO2 uptake is calculated by correcting total inorganic carbon for these
processes, regeneration of organic matter and dissolution of particulate carbonates, as
independently proposed by Brewer (1978) and Chen and Millero (1979), and reformulated by
Gruber et al. (1996) (hereinafter GSS’96) using tracer ages and a conservative tracer called C*,
which is similar to the conservative parameter CAO earlier described by Ríos et al. (1989).
Several estimates of anthropogenic CO2 have been performed in the North Atlantic Ocean
using historical data sets such as GEOSECS or TTO (Chen, 1982; Gruber et al., 1996). Recently,
other inventories have been done relying on more accurate data sets (Körtzinger et al., 1998;
Wanninkhof et al., 1999a).
In this work we analyse some of the caveats of the most widely used methodology for
estimating anthropogenic CO2, that proposed by GSS’96, with especial emphasis on the evaluation
of preformed alkalinity by means of modelling the alkalinity pump using sediment trap data. Our
analysis was performed using a publicly-available high-quality data set for CO2 measurements
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from the North Atlantic Ocean Atmosphere Carbon Exchange Study. We selected the National
Oceanic and Atmospheric Administration Cruise Leg IIB (OacesNAtlIIB-93, July/August, 1993)
covering from 35ºN to 63ºN along 20ºW (www.aoml.noaa.gov/ocd/oaces). The anthropogenic CO2
inventory along this leg is calculated introducing improvements on the GSS’96 methodology, and
finally the consistency of our results is discussed.
3.2. FORMULATION.
3.2.1. The back-calculation technique.
The back-calculation technique as formulated by GSS’96 uses a conservative parameter C*,
which corrects total inorganic carbon for biological activity, both the soft-tissue and the carbonate
pumps. C* can be expressed in terms of current or preformed variables:
C*(τ) = CT + O2/RC – ½ (TA + O2/RN ) =  CT0(τ) + O20/RC – ½ (TA0 + O20/RN )                          (3.1)
where CT is the total inorganic carbon concentration, O2 is dissolved oxygen, TA stands for
alkalinity, RC (=-∆O2/∆C) and RN (=-∆O2/∆N) are stoichiometric coefficients and τ stands for the
water mass age. C*(τ), as NO or PO (Broecker, 1974), reflects the origin of the water mass, being
independent of the biological activity accounted for since the water mass lost contact with the
atmosphere (that is, τ) but containing the time-increasing CO2 anthropogenic signal taken up by
atmospheric contact at the outcrop region. CT0(τ) stands for the preformed inorganic carbon
concentration the water mass acquires when formed at oxygen saturation (O20) and preformed
alkalinity (TA0) conditions. Oxygen saturation is calculated from the equation of Benson and
Krause (UNESCO, 1986). As alkalinity is not affected by the anthropogenic CO2 increase in the
atmosphere, present and pre-industrial alkalinity preformed values are equal and can be derived
from contemporary winter measurements of surface TA. In this sense, TA0 is usually calculated
from linear regressions using conservative properties such as salinity, potential temperature, PO or
NO (Broecker, 1974). Different equations have been proposed for TA0 (Chen and Pytkowicz, 1979;
Chen et al., 1990; GSS’96; Millero et al., 1998; Sabine et al., 1999; Wanninkhof et al., 1999a).
GSS’96 state that there is an effective and time-independent CO2 air-sea disequilibrium
(∆CTdis) when the water looses contact with the atmosphere, thus the same whether the water mass
is formed at a certain time (τ) or in pre-industrial times (π):
∆CTdis = CT0(τ) –  CTeq(θ, S, TA0, pCO2τ) = CT0(π)  –  CTeq(θ, S, TA0, pCO2π)                   (3.2)
where CT0 are the preformed CT values when the water mass is currently formed, CT0(τ),  and in
pre-industrial times, CT0(π), calculated according to equation 3.1. CTeq are the CT values in
equilibrium with the atmospheric partial pressure of CO2 when the water mass is currently formed
(pCO2τ) and in pre-industrial times (pCO2π). CTeq are calculated from thermodynamic equations as a
function of hydrographic variables, potential temperature (θ) and salinity (S), preformed alkalinity
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and the corresponding atmospheric pCO2 (Neftel et al., 1994). ∆CTdis reflects the air-sea
disequilibrium in CT when water masses are formed once carbon is corrected for biology.
GSS’96 defined the conservative variable ∆C*(τ), which depends on the anthropogenic
input, and thus the water mass age (τ),  and includes the steady-state disequilibrium term:
∆C*(τ) = CANT + ∆CTdis = C*(τ) - C*(π) + ∆CTdis           (3.3)
Combining 3.1 to 3.3:
∆C*(τ) = CT+O2/RC – ½(TA + O2/RN ) – (CT0(π)+O20/RC – ½(TA0 + O20/RN )) + CT0(π) – CTeq(θ, S,
TA0, pCO2π) =   CT – AOU/RC – ½(∆TA + AOU/RN ) - CTeqπ                                             (3.4)
where CTeqπ denotes the CTeq(θ, S, TA0, pCO2π) term, AOU denotes Apparent Oxygen Utilization
and ∆TA = TA - TA0. Finally, recombining equation 3.3 and 3.4:
CANT = CT – AOU/RC – ½(∆TA + AOU/RN ) - CTeqπ  – ∆CTdis                        (3.5)
The GSS’96 disequilibrium term is evaluated by density intervals employing two different
methods but in both assuming that the air-sea disequilibrium has remained constant over time. In
uncontaminated regions along isopycnals where no anthropogenic carbon is supposed, ∆C*(τ)
reflects the effective air-sea disequilibrium. Therefore, ∆CTdis is calculated as the mean of ∆C*(τ)
within a given isopycnal interval:
∆CTdis= ∆C*(τ) σ=cte             (3.6)
On shallower surfaces with measurable tracer concentrations, the disequilibrium is estimated
from the corresponding atmospheric CO2 level matching a tracer-estimated age (pCO2τ). GSS’96
uses tritium-3He ages as an approximation to true ages, disregarding non-linear effects on the tracer
age and assuming that the transport is mainly advective. The CO2 disequilibrium is evaluated as:
∆CTdis = [CT –AOU/RC–½·(∆TA + AOU/RN ) – CTeq(θ, S, TA0, pCO2τ)]σ=cte                            (3.7)
As a consequence of assuming steady-state in the disequilibrium term (equation 3.2), the
intrinsic definition of CANT can also be expressed as:
CANT = CT 0(τ)  – CT 0(π) = CT eq (θ, S, TA0, pCO2τ)  –  CTeq (θ, S, TA0, pCO2π)                           (3.8)
The second half of equation 3.8 substituted in 3.5 yields equation 3.7, thus, equation 3.7 is a
consequence of assuming a steady-state disequilibrium.
Summing up, the GSS’96 methodology assumes: i) total alkalinity is not significantly
affected by the CO2 increase in the atmosphere; ii) the effective CO2 air-sea disequilibrium has
stayed constant within the outcrop region of a particular isopycnal surface; iii) water transport is
mainly along isopycnal surfaces.
According to equation 3.8, CANT can be directly derived as the difference between CT in
equilibrium with the atmospheric CO2 content when the water mass is formed at a certain age (τ)
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and in pre-industrial (π) times, as calculated in Tait et al. (2000) and Thomas and Ittekkot (2001).
This is not a shortcut, as stated by GSS’96, but a direct consequence of the assumption of a
constant CO2 disequilibrium with time. With equation 3.8 no CT measurements are even necessary;
the key factor is an exact knowledge of the water mass age. Although the individual CTeq
calculations are affected by inaccuracies in the estimation of TA0 and in the chosen set of
thermodynamic constants, the final errors in CANT due to both sources of uncertainty practically
cancel out, as both CTeq are modified in the same manner but with opposing sign.
3.2.2. Inorganic to Organic carbon decomposition Ratio (IOR).
The ratio between the carbon variation due to dissolution of calcium carbonate (∆Ci) and that
derived from the decomposition of organic matter (∆Co) can be expressed as:
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where all the terms were explained previously. Thus, if IOR and AOU are known the variation of
alkalinity due to redissolution of carbonates (∆TA) is calculated as:
AOU)R1RIOR(2ΔTA NC ⋅−⋅=           (3.10)
The ratio between soft and hard material decomposition varies with depth. The upper ocean
is supersaturated with calcium carbonate (Broecker and Peng, 1982; Takahashi et al., 1981), and
therefore the regeneration of inorganic carbon is predominantly by soft-tissue remineralisation in
this upper layer (Honjo et al., 1982; Honjo and Manganini, 1993). However, a recent review of the
global carbonate budget performed by Milliman et al. (1999) showed evidence that a considerable
portion of surface-produced calcite, as much as 60-80%, dissolves in the upper 1000 m, above the
lysocline, as a result of biological mediation. In deeper waters, the dissolution of hard material
predominates because of the increased pressure, decreased temperature and the longer residence
time (Broecker and Peng, 1982).
Broecker and Peng (1982), using GEOSECS data covering various oceans, estimated an IOR
of 0.25 for the permanent thermocline and about 1 for deep waters. Takahashi et al. (1985)
calculated IOR values for the North Atlantic from 0.09 to 0.15. In the Eastern North Atlantic Ocean
Ríos et al. (1995) found an IOR of 0.16 for the upper 2300 m and 1.05 for deeper waters.
Silicon is also exported, as opal in biogenic debris (mostly as diatom frustules), and mainly
redissolved in the deep ocean. As for calcium carbonate, most opaline silica dissolution takes place
below the main thermocline. Thus, the high covariation between the alkalinity and the silicate
fields (Brewer et al., 1995; Broecker and Peng, 1982; Ríos et al., 1995), probably exists because
the dissolution of these hard structures is biologically stimulated in micro-environments such as
marine snow, zooplankton guts, etc.
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3.3. EVIDENCE FOR AN INACCURATE ESTIMATION OF TA0 AND CT eqπ.
In this section we demonstrate that the TA0 parameterization proposed by GSS’96 and other
authors contradicts the knowledge about calcium carbonate dissolution in the oceans. A new
parameterization is introduced and validated. Likewise, several improvements are also introduced
to estimate the CT in equilibrium with the pre-industrial atmosphere, CT eqπ.
3.3.1. The alkalinity pump, estimation of TA0.
As previously mentioned, there is a good covariation between the processes controlling
alkalinity and silicate variability. In this sense, the silicate increase due to dissolution of opal (∆Si)
can be estimated by an approach similar to that used to determine the alkalinity variation due to
dissolution of carbonate (∆TA). As ∆TA is TA–TA0, ∆Si is estimated as the difference between the
current silicate concentration and the preformed value (∆Si = Si-Si0). As an approximation to the
winter mixed layer, and thus preformed, silicate concentrations, a linear relationship is obtained
between silicate and potential temperature for the layer between 50 and 200 m using data from the
OacesNAtlIIB-93:
0.05)·θ(0.67 -0.5)(10.2 0.93Si0 ±±=± r2=0.69     n=92                      (3.11)
where Si0 is preformed silicate and θ is potential temperature. Equation 3.11 can be applied for
waters with θ>2ºC, with no Antarctic influence; otherwise it would underestimate Si0.
The relationship between the increase of silicate and alkalinity due to dissolution of opal and
calcium carbonate, respectively, is shown in Figure 3.1. ∆Si was calculated from equation 3.11 and
∆TA using different parameterizations for TA0: GSS’96, Millero et al. (1998) and Wanninkhof et
al. (1999a). The GSS’96 TA0 function was obtained from top 100 m data from the whole Atlantic
Ocean and reported with an uncertainty of 11 µmol·kg-1. The Millero et al. (1998) TA0 function
was obtained from surface data from the whole North Atlantic Ocean (30ºN-80ºN), reported with
an uncertainty of 5 µmol·kg-1. The Wanninkhof et al. (1999a) TA0 parameterization was obtained
from the particular data set obtained along about 25/32ºW from 43ºS to 62ºN, occupied as part of
NOAA-OACES during July 1991 and July/August 1993, this TA0 parameterization was calculated
with top 100 m data and reported with an uncertainty of 5.2 µmol·kg-1.
The first two parameterizations give systematic negative values of ∆TA despite the net
increase of silicate from 0 to 10 µmol·kg-1. However, the Wanninkhof et al. (1999a) TA0 function
yields positive ∆TA in the former range. As mentioned previously, there is an increasing amount of
evidence suggesting a considerable dissolution of calcium carbonate above the chemical lysocline
(Milliman et al., 1999; Mintrop et al., 1999; Yu et al., 2001). Hence, the first two TA0
parameterizations seem questionable. This fact is also suggested by the variability with depth of the
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IOR values calculated by substituting TA0 from GSS’96 in equation 3.9 (Figure 3.2). Once again
there exists a systematic shift to negative values of IOR in the upper 2000 m, indicating
precipitation of calcium carbonate contrary to the conclusions of Milliman et al. (1999) and the
previously cited values for IOR in the upper water column [0.25 from Broecker and Peng (1982),
0.16 from Ríos et al. (1995)].
Figure 3.1. Relationship between dissolution of opal (∆Si=Si–Si0 in µmol·kg-1) and carbonate (∆TA=TA–
TA0 in µmol·kg-1). Si0 has been calculated from equation 3.11, and TA0 from GSS’96 (open squares,
TA0 = 367.5 + 54.9·S + 0.074·PO, where S is salinity and PO = 170·PO4 + O2), Millero et al. (1998)
(dark squares, TA0 = S/35·[2291 - 2.69·(θ-20) - 0.046·(θ-20)2], where θ is temperature and S salinity),
Wanninkhof et al. (1999b) (open circles, TA0 = 278.4 + 57.91·S + 0.0074·NO, where S is salinity and
NO = 10.6·NO3 + O2) and our new parametrization from equations 3.10 and 3.12 (dark circles).
The Millero et al. (1998) TA0 parameterization is based on surface measurements of TA all
over the North Atlantic Ocean, expressed as a function of temperature. Most of this data was
collected in summer or spring. Consequently, they do not reflect the winter-time conditions, being
affected by seasonal warming. Accordingly, TA0 values are overestimated because of the shift to
higher temperatures in the TA0 function.
The GSS’96 TA0 empirical function relies on data from the top 100 m and depends on the
conservative parameters salinity and PO (Broecker, 1974). This parameterization was also obtained
from data collected primarily during summer conditions. However, it should yield reliable results
for winter, as salinity normalized alkalinity has a small seasonal cycle (Takahashi et al., 1993), as
also argued by GSS’96. We speculate that the GSS’96 TA0 function must suffer from biases in the
initial TA data set: the precision of TA measurements during GEOSECS (1972-1978) and TTO-
NAS (1981) was low (±9 and ±5 µmol·kg-1, respectively, Brewer et al., 1986) compared to current
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measurements (less than 1 µmol·kg-1, Mintrop et al., 2000). It may also suffer from the influence of
high TA values due to the predominance of South Atlantic samples in the GSS’96 analysis and
finally of a bias in the data values for alkalinity, oxygen, phosphate and salinity, as taken from the
seasonal thermocline, especially oxygen which is affected by outgassing.
The TA0 function proposed by Wanninkhof et al. (1999a) also uses TA, salinity and NO data
from top 100 m but in contrast to Millero et al. (1998) and GSS’96 TA0 functions yields positive
values for ∆TA in the upper layer. Therefore it is presumably a correct model for the TA0 of water
masses in the North Atlantic.
In order to avoid the use of any TA0 parameterization, we adjusted IOR as a polynomial
function with depth. This polynomial was obtained as the best fit, in a least square sense, for the
IOR values calculated from equation 3.9, where ∆TA is calculated as m·∆Si, (∆Si = Si-Si0, Si0 from
equation 3.11). Therefore, the polynomial equation and m are calculated iteratively until the best fit
to the data is obtained. The final polynomial expression for IOR with depth was obtained with
m=1.42, thus:
IOR ± 0.03 = 0.003117·z5 – 0.04608 · z4 + 0.2313·z3 –0.4457·z2 + 0.3489·z + 0.0371
r2=0.94    n=549         (3.12)
where z is depth in km. The individual values of IOR and their fit (equation 3.12) are shown in
Figure 3.2. The error finally incurred in ∆TA is evaluated by an error propagation analysis in
equation 3.10. IOR and AOU initial values are modified in ±0.03 and ±2 µmol·kg-1 intervals with a
normally distributed random number, then IOR is recalculated. This modification is performed a
hundred times over the whole set of samples. The standard deviation of the difference between the
initial and modified ∆TA (±1.4 µmol·kg-1) is considered to be the uncertainty of our ∆TA
estimation. Considering a maximum error in TA of  ±2 µmol·kg-1, the final uncertainty in TA0 is
±3.4 µmol·kg-1.
The IOR values are in the range within 0.12-0.60, in agreement with sediment trap data from
the North Atlantic and hydrological water mass analysis (Broecker and Peng, 1982; Honjo and
Manganini, 1993; Martin et al., 1993; Ríos et al., 1995; Takahashi et al., 1985). On the other hand,
∆TA/∆Si = 1.42 implies a mean CaCO3:SiO2 ratio for the whole water column of 0.71. The open
ocean calcite and opal decomposition in the water column, according to Milliman et al. (1999) and
Tréguer et al. (1995), are 47 1012 mol·y-1 and 90.9 1012 mol·y-1 respectively, thus, a mean
CaCO3:SiO2 decomposition ratio of 0.52, value in reasonable agreement with our estimation.
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Figure 3.2. Inorganic to Organic
carbon decomposition Ratio
(IOR) versus depth. IOR was
calculated from equation 3.9 with
TA0 from GSS’96 (open squares)
and TA0 as a function of the opal
dissolution (dark circles) (∆ΤA=
1.42·∆Si, ∆Si= Si-Si0, where Si0
has been calculated from equation
3.11). The solid line is the
polynomial fit for the previous
IOR data, as expressed in
equation 3.12.
 According to Berger
and Herguera (1992) a
CaCO3:SiO2 ratio of 0.71 is
expected for an area with a
mean organic carbon flux of
10 mmol·m-2·d-1, which is in
close agreement with their productivity value for the Eastern North Atlantic Ocean (Martin et al.,
1993). Higher CaCO3:SiO2 ratios, around 0.95, were measured in sediment traps deployed at the
NABE site below 3100 m (Newton et al., 1994).
With the aim of validating our proposed parameterization for ∆TA (equation 3.10 as a
function of equation 3.12) we proposed a simple 1D steady state model simulating the biological
pump, thus, the decomposition of hard and soft-tissue biogenic matter. As a proxy for the whole
North Atlantic Ocean, it has been applied over the OacesNAtlIIB-93 data set and validated against
sediment trap profile data obtained by Martin et al. (1993) at the NABE site. Thus, the
decomposition ratios (IOR) are adjusted with the ratio between organic and inorganic matter
accumulated in sediment traps (rain ratios).
The decomposition of biogenic debris between two horizontal layers produces a gain of
AOU and ∆TA in time:
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where FCo and FCi are the organic and inorganic carbon fluxes, respectively, z is depth, t is time, ρ
is seawater density and RC the stoichiometric –∆O2/∆C ratio. The transport equation in three
dimensions for a non-conservative variable (NCV, AOU or ∆TA, in this case) may be written as:
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where K is the eddy diffusivity and v are the different components of the velocity.
Considering the relatively scarce information about horizontal variability in the sediment
trap profiles, we assume the rain ratios reported at the NABE site as representative of the North
Atlantic. Consequently, the 3D model simplifies to 1D by basin-scale integration. Thus, subduction
and vertical mixing are considered as the main processes ventilating subsurface waters. Moreover,
if the mean AOU and ∆TA along OacesNAtlIIB-93 are regarded as representative of the whole
North Atlantic and in steady state, their temporal variation can be related to their vertical gradient
by:
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Substituting equation 3.15 in equations 3.13 and integrating between two different depths we
finally obtain:
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Therefore, the flux of organic and inorganic carbon at a given depth layer can be calculated
from the corresponding initial fluxes at the above layer and the variation of AOU and ∆TA between
both of them, if the vertical turnover velocity and vertical diffusivity are known. In this sense, vz
was parameterized as vz = 0.4·(z/100)-0.3 (vz in m·d-1 and z is depth in km) in order to adjust our
organic carbon fluxes calculated from the mean vertical profile of AOU (obtained from the
OacesNAtlIIB-93 data) with those measured by Martin et al. (1993) (Table 3.1). The vertical
diffusive terms, using typical Kz values between 0.001 and 0.0002 m·s-2, are negligible compared to
the advective terms. Predicted values for vz (from 0.16 to 0.36 m·d-1) are in agreement with typical
rates of subduction and entrainment given by Marshall et al. (1993) for the North Atlantic, and also
with the decreasing meridional water flux in the mixed layer with increasing density (i.e. depth)
(Huang, 1989).
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Dissolution of calcium carbonate at the NABE site, as representative for the northern North
Atlantic, is calculated as ∆Ci = IOR·AOU/RC with our IOR equation (equation 3.12) and as ∆Ci =
½·(TA-TA0 +AOU/RN) using the TA0 formula from GSS’96 (See Table 3.1 and Figure 3.3). In the
former approximations the AOU and TA mean profiles along the OacesNAtlIIB-93 are used along
with the RC and RN from Anderson and Sarmiento (1994). Both the organic and inorganic carbon
fluxes estimated using our model present a good agreement with those measured by Martin et al.
(1993) (See Table 3.1 and Figure 3.3). The inorganic carbon flux calculated with TA0 from GSS’96
agrees with the measured and modelled results in the upper 500 m (Table 3.1 and Figure 3.3). At
deeper levels the inorganic carbon flux using the TA0 from GSS’96 is notably overestimated,
indicating a low dissolution rate of calcium carbonate. Although sediment trap data could be
affected by hydrodynamic and other factors, leading to a significant “over/undertrapping” (Yu et
al., 2001), the inorganic and organic fluxes are both affected in the same manner. It must also be
taken into account that water
masses integrate the dissolution
of biogenic material over time
and space, hence attenuating the
high variability of the rain ratios
seen in the sediment trap data.
Therefore, we consider that trap
biases not relevant when
measured and calculated rain
ratios are compared.
Figure 3.3. Measured (dotted line) and modeled (solid line) profiles of organic (circles) and inorganic
(squares) carbon fluxes at the NABE site. The inorganic carbon flux calculated based on TA0 from
GSS’96 is also shown (crosses). Note the reversed scale for the inorganic carbon flux axis.
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Table 3.1. Organic (Co) and inorganic (Ci) carbon fluxes at different depth layers measured by Martin et al.
(1993) in sediment traps deployed at the NABE site and results from the 1D model proposed in this work.
“Mean” refers to the mean profile of Apparent Oxygen Utilisation (AOU) and dissolution of calcium
carbonate (∆Ci) using data from the OacesNAtlIIB-93. ∆Ci is calculated as: a) ∆Ci = IOR·AOU/RC, where
IOR is calculated from equation 3.12 and b) ∆Ci = ½·(TA-TA0 +AOU/RN), using TA0 from GSS’96. RC and
RN are stoichiometric coefficients from Anderson and Sarmiento (1994). vz stands for the water turnover
velocity in m·d-1. Depth is expressed in km, AOU and ∆Ci in µmol·kg-1and the Co and Ci fluxes in
mol·m-2·d-1.
Source Fitted Mean Meana Meanb Traps Traps Model Modela Modelb
Depth vz AOU ∆Ci ∆Ci Co flux Ci flux Co flux Ci flux Ci flux
0.00 14.35 2.44 14.35 2.44 2.44
0.15 0.35 11.4 0.6 -2.9 10.50 1.97 11.09 2.16 1.91
0.30 0.29 31.1 2.3 -2.1 4.83 1.57 6.75 1.63 1.67
0.50 0.25 48.1 4.2 -1.5 3.25 1.22 3.65 1.13 1.54
0.75 0.22 58.3 5.3 -1.5 3.00 1.23 2.02 0.87 1.54
1.00 0.20 60.6 5.3 -1.9 1.62 0.93 1.69 0.85 1.62
1.50 0.18 63.4 5.6 -2.5 1.08 0.77 1.33 0.81 1.73
2.00 0.16 68.0 7.7 -1.5 1.04 0.49 0.79 0.45 1.55
3.3.2. Effect of the alkalinity pump and new improvements on CTeqπ.
Having obtained a better parameterization of TA0 as a function of IOR (equations 3.10 and
3.12), we proceed to address its effect on the estimation of the pre-industrial equilibrium total
inorganic carbon, CT eqπ. Additional improvements on CTeqπ are proposed.
CTeqπ is calculated from TA0, the pre-industrial level of atmospheric partial pressure of CO2
(Neftel et al., 1994) and using a given set of CO2 constants. GSS’96 used their TA0
parameterization, a constant value for pre-industrial pCO2 equal to 280 µatm and the set of
thermodynamic constants from Goyet and Poisson (1989). We have already shown that their TA0
parameterization gives rather high values. On the other hand, atmospheric pCO2 is a function not
only of the molar fraction of CO2 but also of the water vapor partial pressure and total atmospheric
pressure (DOE, 1994; Wanninkhof and Thoning, 1993). Takahashi et al. (1993) showed that the
best set of CO2 thermodynamic constants is that by Mehrbach et al. (1973). Recently, other
thermodynamical and field studies (Johnson et al., 1999; Lee et al., 2000; Ríos and Pérez, 1999;
Ríos et al., 2001; Tapp et al., 2000; Wanninkhof et al., 1999b) reached the same conclusion.
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In order to clearly show the variation of CTeqπ under different conditions, TA0
parameterization, pCO2π calculation and set of thermodynamic constants, we calculated CTeqπ  for
the OacesNAtlIIB-93 data set following these combinations:
a) TA0 from GSS’96, a constant value for pCO2π equal to 280 µatm and the Goyet and
Poisson (1989) constants. This is the GSS’96 option.
b) TA0 from GSS’96, pCO2π calculated as a function of a molar fraction of 278.2 ppm
(Neftel et al., 1994; Sarmiento et al., 1995), water vapor pressure and the constants of
Goyet and Poisson (1989).
c) The same as before but with the Merhbach et al. (1973) constants.
d) TA0 obtained from our equations 3.10 and 3.12, pCO2π calculated as a function of a
molar fraction of 278.2 ppm, water vapor pressure and the Merhbach et al. (1973)
constants.
Figure 3.4 shows salinity-normalised CTeqπ  (NCTeqπ) values for the previous sets of
combinations against potential temperature. Option (a) NCTeqπ present the highest values for the
whole temperature range. Including the effect of water vapor in the calculation of pCO2π (option b)
reduces NCTeqπ by an average of 5±1 µmol·kg-1, with a maximum effect of –10 µmol·kg-1 at high
temperatures, 15ºC. Including the set of constants from Mehrbach et al. (1973) (option c) gives
NCTeqπ values that are 14 µmol·kg-1 lower than GSS’96 values at low temperatures. On the other
hand at high temperatures the effect of including the Mehrbach  et al. (1973) constants counteracts
half of the effect due to including the water vapor pressure in the formulation. Finally, if our
parameterization for TA0 is included (option d) the NCTeqπ values are lower than those obtained
with the GSS’96 option, the difference ranging from –26 µmol·kg-1 at 2ºC to –2 µmol·kg-1 at 15ºC.
Briefly, at 2ºC the inclusion of water vapor pressure in calculating pCO2π, the use of
Mehrbach et al. (1973) constants, and our new TA0 parameterization independently reduce NCTeqπ
by –6, -8 and -12 µmol·kg-1, respectively, whereas at 15ºC the corresponding contributions are -10,
+6, +2 µmol·kg-1. Hence, GSS’96 greatly overestimate NCTeqπ and consequently CTeqπ in deep
waters.
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Figure 3.4. Salinity-normalized pre-industrial equilibrium total inorganic carbon (CTeqπ in µmol·kg-1) versus
potential temperature (θ in ºC) based on different approximations. Dark squares (option a, see text)
stand for CTeqπ calculated with TA0 from GSS’96, a constant value for pre-industrial pCO2 of 280
µatm and the Goyet and Poisson (1989) constants. Open circles (option b) denote CTeqπ calculated with
TA0 from GSS’96, pre-industrial pCO2 calculated as a function of a molar fraction of 278.2 ppm and
water vapor pressure (WV) and the constants of Goyet and Poisson (1989). Crosses (option c) indicate
CTeqπ calculated the same as before but with the Mehrbach et al. (1973) constants (Mehr). Dark circles
(option d) represent CTeqπ calculated with TA0 obtained from our equations 3.10 and 3.12, pre-
industrial pCO2 calculated as a function of a molar fraction of 278.2 ppm, water vapor pressure and the
Mehrbach et al. (1973) constants (New approach).
3.4. CASE STUDY: REVALUATION OF CANT ALONG THE OacesNAtlIIB-93 LINE.
Using the OacesNAtlIIB-93 data we calculated CANT from equation 3.5, with our new
approach for TA0 (equations 3.10 and 3.12) and option (d) for estimating CTeqπ. RN and RC are
respectively equal to 10.6 and 1.45 according to Anderson and Sarmiento (1994). In addition, we
calculated the apparent age of each water sample from the equilibrium partial pressure of CFC11
(pCFC11) based on the solubility function of Warner and Weiss (1985) and the reconstructed
history of atmospheric pCFC11 from Walker et al. (2000) as described by Bullister (1984) and
Doney and Bullister (1992).
The ∆CTdis is evaluated by density intervals as in GSS’96, here explained in the Formulation
section (equations 3.7 and 3.8). Some of the assumptions used by GSS’96 in the calculation of the
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former term are the following: first of all, that the ∆CTdis has remained constant over time and that
tracer age is equal to the true water age. The first assumption has recently been verified by the
analysis of CO2 time-series data, showing that surface seawater CO2 has kept pace with the
atmospheric CO2 increase (Bates et al., 1996; Bates, 2001; Feely et al., 1999) over the last four
decades. The second assumption holds true for tritium-3He ages, as explained by GSS’96 and
Gruber (1998), if the transport is mainly advective. In the case of CFCs, true age equals CFC age if
the water parcel was saturated with CFC in the formation area and if mixing is mainly along
isopycnals, without mixing between waters with significantly different CFC concentrations. In this
case, the age method (equation 3.8) is used for surfaces lighter than σ4=45.81 kg·m-3, which have a
CFC11 concentration higher than 0.1 pM·kg-1.
The ∆CTdis by density intervals is shown in Table 3.2 in terms of carbon and pCO2, along
with the mean depth and CFC11 age. Density layers with σ2 ≤ 36.5 kg·m-3 have a CFC11 age lower
than 15 years. Up to this age, according to Doney et al. (1997), CFC-derived and corrected tritium-
3He ages are linearly related with a small positive offset of 1-2 years in the CFC ages. Despite this,
both tracers are good estimators for the ideal ventilation age in the main thermocline (Thiele and
Samiento, 1990). A recent study compares CFC and ideal ages obtained from a simple, highly
idealised model of the CFC uptake in the thermocline (Sonnerup, 2001) and concludes that CFC
ages less than 15 years agree with the ideal age being to within 25%. CFC ages older than 15 years
are significantly higher than the corrected tritium-3He ages, and both diverge from the ideal
ventilation time-scales (Doney et al., 1997; Sonnerup, 2001). The more rapid exchange rate for 3He
and the non-linear mixing effects at greater tracer ages are the most likely reasons for this
discrepancy.
Surface layers with σθ ≤ 27 kg·m-3 tend to be slightly undersaturated, and waters from σθ =
27.1 kg·m-3 to σ2 = 36.5 kg·m-3 are slightly oversaturated in CO2. These results contrast with those
from GSS’96: their ∆CTdis range from –22 to –16 µmol·kg-1 and from –30 to –20 µatm in pCO2.
The deepest layers, where no CANT contamination is expected, present a small positive
disequilibrium (about 4 µmol·kg-1 and 5 µatm, Table 3.2), in contrast with the negative values
proposed by GSS’96 (-16 µmol·kg-1 and -33 µatm) or the strong negative ∆CTdis obtained by
Wanninkhof et al. (1999a) (-40 µmol·kg-1). Intermediate layers also present low and negative
∆CTdis values, smaller than those obtained by GSS’96 and Wanninkhof et al. (1999a).
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Table 3.2. Mean values of pressure (in db), CFC11 age (in years), air-sea disequilibrium in terms of carbon
(∆CTdis in µmol·kg-1) and pCO2 (∆pCO2dis in µatm) on potential density surfaces along the OacesNAtlIIB-
93. SDM stands for the standard deviation weighted by the number of determinations (n). ∆C*(τ) is
calculated from equation 3.4, CANT GSS’96 (in µmol·kg-1) stands for the calculation of the anthropogenic
carbon according to Gruber et al. (1996), i.e., CANT = ∆C*(τ) - ∆CTdis.
Density
(kg·m-3)
Press.
(db)
CFC11
age ∆CTdis±SDM (n) ∆pCO2dis ±SDM ∆C*(τ)  
CANT
GSS’96 Method
σθ Surfaces
26.9-27.0 194 6 -3.7 ± 1.7    (7)      -6.3 ± 2.9 42 46 Eq.3.7
27.0-27.1 239 6 0.0 ± 0.7  (19)       0.1 ± 1.3 45 45 Eq.3.7
27.1-27.2 304 7 3.3 ± 0.5  (35)       6.2 ± 0.9 46 43 Eq.3.7
27.2-27.3 420 10 4.9 ± 0.5  (31)       9.4 ± 1.0 44 39 Eq.3.7
27.3-27.4 458 13 2.8 ± 0.7  (30)       5.6 ± 1.3 40 37 Eq.3.7
σθ-σ2  Surfaces
27.4-36.5 573 13 3.2 ± 0.6   (51) 6.7 ± 1.3 39 36 Eq.3.7
σ2  Surfaces
36.5-36.6 801 17 -0.4 ± 0.6  (30) -0.5 ± 1.2 32 33 Eq.3.7
36.6-36.7 892 18 -3.6 ± 0.5  (19) -6.7 ± 0.9 27 31 Eq.3.7
36.7-36.8 1087 20 -4.7 ± 0.4  (28) -8.6 ± 0.7 25 29 Eq.3.7
36.8-36.9 1372 21 -4.9 ± 0.4  (39) -9.2 ± 0.8 23 28 Eq.3.7
36.9-37.0 1939 25 -7.4 ± 0.5  (53) -13.7 ± 0.9 18 26 Eq.3.7
σ2-σ4 Surfaces
37.0-45.81 2422 32 -12.9 ± 0.9 (10) -23.2 ± 1.6 10 23 Eq.3.7
σ4 Surfaces
45.81-45.88 2715 33 3.0 ± 0.9     (8) 4.9 ±1.4 3 0 Eq.3.8
45.88-45.95 3925 39 3.8 ± 0.5   (36) 6.3 ±0.8 4 0 Eq.3.8 
The aforementioned comments about the ∆CTdis estimation method and assumptions
combined with our results lead us to doubt the existence of a significant air-sea disequilibrium
term. In the main thermocline where the apparent age approximates true age with a high degree of
reliability, the mean ∆CTdis is 0±5 µmol·kg-1. At intermediate levels we also obtained low
disequilibrium values. However, they are subject to a greater uncertainty in the estimation of the
age as mentioned previously. Thus, we disregard these results in our analysis. At the deepest
density intervals, where no significant anthropogenic CO2 signal is expected, the ∆CTdis values are
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very low as well (3±1 µmol·kg-1), and in agreement with the low values obtained in the main
thermocline layer.
Figure 3.5 shows the relationship between ∆C*(τ) calculated with our improvements and that
applying GSS’96 against the apparent CFC11 age. The inset in Figure 3.5 shows both ∆C*(τ) but
against depth. The mean ∆C*(τ) for the upper 200 m are 41±3 and 45±4 µmol·kg-1 from GSS’96
and this work, respectively, and the corresponding means below 3500 m are -13±2 and 4±3
µmol·kg-1. GSS’96 gives disequilibria of –12 and –16 µmol·kg-1 for the upper and deep layers,
respectively. Thus, the CANT according to GSS’96 for these two layers would be 53±3 and 3±2
µmol·kg-1. Neglecting the CO2 disequilibrium, our CANT would be 45±4 and 4±3 µmol·kg-1.
The expected increase in surface CT up to 1993 is 50 µmol·kg-1, estimated from TA0 (a mean
value of 2330 µmol·kg-1 at 15ºC and salinity of 35) and the atmospheric pCO2 increase. Given the
uncertainty in the back-calculation method for estimating CANT the previous theoretical increase
agrees with the calculated CANT according to GSS’96 (53±3 µmol·kg-1) and this work (45±4
µmol·kg-1). Correspondingly, in deeper layers where an insignificant anthropogenic CO2
concentration is expected, both estimations of CANT agree, 3±2 and 4±3 µmol·kg-1 from GSS’96 and
this work, respectively.
These results could be misleading, as both methods, that developed by GSS’96 and the
improvements proposed here, yield the same quantities at particular deep layers, but start from
divergent assumptions. We arise the question about the existence of a significant air-sea
disequilibrium term.
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Figure 3.5. ∆C*(τ) (in µmol·kg-1) calculated according to GSS’96 (open circles) and our improvements on
the back-calculation technique (black circles) versus CFC11 age in years. The inset shows both ∆C*(τ)
versus depth. ∆C*(τ) is equivalent to CANT disregarding the disequilibrium term in equation 3.3.
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3.5. DISCUSSION.
The back-calculation technique for estimating anthropogenic CO2 introduced by Chen and
Millero (1979) and Brewer (1978) and recently reviewed by GSS’96, was developed on the same
principles as the conservative parameters NO or CAO (Broecker, 1974; Ríos et al., 1989). The
work by GSS’96 renewed the attention on estimating the CANT inventory in the ocean as a way to
constrain global ocean circulation and biogeochemical models. The GSS’96 procedure suffers from
some sources of error, among which we have evaluated the most important: the estimation of TA0,
the effect of water vapor pressure on calculating pre-industrial pCO2 and the CO2 dissociation
constants. Their impact on ∆C*(τ) is of great significance, especially in deep waters where errors in
the preformed estimates can lead to anomalous values, which GSS’96 ascribed to a disequilibrium
term.
TA0 has been generally parameterised as an empirical function of conservative parameters in
order to correct for mixing effects and biological activity. Despite its being a very reasonable
approximation, the lack of wintertime measurements of surface TA prevents it from being put into
practice. Most of the oceanic CO2 data have been collected in summer or spring, when seasonal
warming, phytoplankton activity and oxygen outgassing take place. Therefore, temperature-
parameterised TA0 values are overestimated because of the shift to higher temperatures in the
initial TA0 values. Moreover, using PO or NO does not counteract this effect because they do not
correct for the oxygen outgassing. Empirical relations between high quality alkalinity data and
salinity and other conservative parameters such as NO or PO obtained during wintertime in
formation areas will be excellent for modelling the preformed alkalinity values. However, another
potential procedure would be the analysis of data not affected by seasonal warming or freshwater
flux variations, that is, data from the homogenous layer below the seasonal thermocline as an
approximation for the winter mixed layer (e.g. Wanninkhof et al., 1999a and Körtzinger et al.,
2001). Preformed alkalinity values obtained in this manner should also be consistent with the
decomposition of organic and inorganic matter in the water column.
Recently, the dissociation constants by Mehrbach et al. (1973) have been confirmed to be the
most suitable for calculating CT from TA and pCO2. This set of constants was the only one
determined on natural seawater, thus including the interferences of all its acid-base components,
even those derived from organic matter.
After applying our proposed improvements: the TA0 parameterization, including the water
vapor effect on pre-industrial pCO2 calculation and using the Mehrbach et al. (1973) constants, we
question the existence of a disequilibrium term as high as that concluded by GSS’96. From their
point of view, this term is a “cul-de-sac” accumulating the air-sea disequilibrium in CO2, any
residual effects due to the selection of the TA0 and oxygen end-members, as well as the uncertainty
in data and parameters. In deep waters, this disequilibrium is an artefact to correct negative values
of their ∆C*(τ) (our CANT) to zero where no anthropogenic contamination is expected, and
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originates mainly from an inaccurate estimation of the alkalinity pump and the set of constants
used, and therefore the CTeqπ. In the main thermocline, where the age uncertainty (2 years as
maximum) is much lower that at depth, the ∆CTdis proposed by GSS’96 (from –12 to –24
µmol·kg-1, corresponding to  –19 to –35 µatm) seems unrealistically high and would arise (equation
3.7) from the overestimation of TA0, affecting also the calculation of CTeq (θ, S, TA0, pCO2τ), which
is also affected by the choice of dissociation constants and the effect of water vapor pressure on
pCO2τ. Between very young and ancient water masses, the disequilibrium stems mainly from the
bias towards younger ages of the tracer apparent ages (Beining and Roether, 1996; Doney et al.,
1997; Sonnerup, 2001), leading to an overestimation of pCO2τ  from the tracer age.
 The non-existence of significant ∆CTdis when the water masses are formed can be directly
corroborated only with winter measurements of CO2 parameters on formation areas. Peng et al.
(1987) reported seasonal variations of carbon dioxide, nutrients and oxygen in the Irminger Sea
surface water from 1983 to 1985, showing surface water nearly in equilibrium with atmospheric
oxygen and CO2 during the winter months. Only their winter values with mixed layer depths
exceeding 300 m are reproduced in Table 3.3. CT0(τ) calculated as in equation 3.1 from CT and
AOU minus CTeq(θ, S, TA0, pCO2τ) represent the ∆CTdis according to equation 3.2. ∆CTdis are
slightly negative for the three isopycnals (from 0 to -2 µmol·kg-1), expressed in terms of pCO2 from
0 to –3 µatm. In conclusion, wintertime measurements of CO2 and oxygen in the Irminger Sea
point to the same degree of air-sea disequilibrium in both tracers, mutually compensated.
More recently, Takahashi et al. (1993) collected CO2 and nutrient data in high-latitude
oceans in order to study their seasonal cycle. Around Iceland they found pCO2 air-sea gradients
during winter months ranging from 10 to –30 µatm, being about –12 µatm in the Eastern North
Atlantic. No oxygen values were reported, but presumably these slight CO2 disequilibria are
partially compensated by AOU during these short deep winter mixing events.
More evidence supports our proposal of a low level of disequilibrium. A completely
independent and comprehensive data set was collected between 30º and 60ºN along 20ºW during
summer 1996, practically the same track as the OacesNAtlIIB-93 line. The high quality CO2 data
collected is presented and analysed in Körtzinger et al. (2001). Following a procedure described in
Takahashi et al. (1985) they calculated the wintertime CT concentrations by isopycnals (Table 3.3).
CT once biologically corrected, CT0(τ), practically corresponds with CTeq in 1996. ∆CTdis ranges
from –5 to 2 µmol·kg-1, in pCO2 terms from –9 to 3 µatm, supporting our assumption of a
negligible CO2 disequilibrium.
Table 3.3. Estimations of the air-sea disequilibrium in terms of carbon (∆CTdis) and pCO2 (∆pCO2dis) from total inorganic carbon (CT), partial pressure of CO2 (pCO2),
alkalinity (TA0) and Apparent Oxygen Utilization (AOU) data collected by different authors. ∆CTdis (equation 3.2) is calculated as the difference between preformed total
inorganic carbon (CT0(τ), equation 3.1) and that in equilibrium with the corresponding atmospheric CO2 (CTeq(τ)). Correspondingly, ∆pCO2dis is the difference between
preformed pCO2 (pCO20τ) and that in the atmosphere (pCO2air). CARINA stands for the CARbon dioxide In the North Atlantic ocean program and MLD for Mixed Layer
Depth. * stands for measured and + for calculated CO2 initial variables. All the CT variables, TA0 and AOU are in µmol·kg-1, pCO2 variables are in µatm.
Area / Time σθ / σ2 θ / S AOU TA0 CT pCO2 CT0(τ) CTeq(τ) ∆CTdis pCO20τ pCO 2air ∆pCO2dis
Data source and
characteristics
27.59/36.61 4.96 / 35.08 12.0 2301+ 2122* 360* 2114 2114  0.1 345 344   0.2
27.67/36.72 5.52 / 35.08 13.0 2302+ 2130* 364* 2121 2122 -0.7 347 348 -1.3
Irminger Sea.
March 1983-85 27.74/36.81 6.28 / 35.09 -7.0 2283+ 2101* 329* 2106 2108 -2.0 337 341 -3.4
Peng et al. (1987)
Data with MLD>300 m
26.95/35.67 13.9 / 35.96 4.9 2359* 2105* 353+ 2102 2106 -4.7 355 355 -8.4
27.00/35.74 13.3 / 35.86 5.0 2354* 2109* 358+ 2106 2108 -2.3 355 355 -4.1
27.05/35.82 12.5 / 35.72 5.1 2347* 2110* 357+ 2106 2109 -2.6 356 356 -4.9
27.10/35.89 11.8 / 35.61 5.2 2341* 2116* 366+ 2112 2111  1.8 356 356  3.4
27.20/36.06 10 / 35.32 5.4 2327* 2117* 362+ 2113 2114 -0.7 356 356 -1.4
Eastern North
Atlantic, 30º-60ºN
along 20ºW.
Summer 1996.
27.30/36.20 8.9 / 35.21 5.5 2322* 2124* 368+ 2120 2118  1.9 357 357  3.9
Körtzinger et al. (2001)
Isopycnal analysis in
the Eastern North
Atlantic.
Mean 27.76/36.92 3.06 / 34.85 25.1 2298* 2152* 383+ 2134 2136 -1.3 343 345 -1.5Labrador
Sea (n=127)
Summer 1996 STD      0.02 0.13 / 0.01 3 2 2 3 2 2  3.8 3 1  6.9
CARINA data base.
Mintrop/Körtzinger
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Labrador sea data taken in July-August 1996, kindly provided by Mintrop and Körtzinger
(CARINA web page, http://www.ifm.uni-kiel.de/ch/carina/index.htm), also support our proposal of
a small air-sea disequilibrium when water masses are formed. CO2 and oxygen data were selected
to characterise an homogenous layer of Labrador Sea Water (LSW) (from 200 to 1800 m), whose
mean and standard deviation characteristics are shown in Table 3.3. The mean age of this
homogenous layer was 9±2 years, estimated from CFC11, giving CT0(τ) very close to CTeq(θ, S,
TA0, pCO2τ) (Table 3.3). The analysis of this data reinforces our concept of the same degree of air-
sea disequilibrium in oxygen and CO2, and even CFC11, when water masses are formed, resulting in
a negligible effective CO2 disequilibrium. This means that the three gases (CO2, O2, CFC11) were at
the same degree of air-sea disequilibrium when the LSW was last in contact with the atmosphere.
The calculated disequilibrium stems mainly from the mixing between newly formed vintages of
LSW and those ventilated in the preceding winters.
GSS’96 showed a good latitudinal correlation between ∆pCO2 estimated from their ∆CTdis
and winter zonal ∆pCO2 mean values given by Takahashi et al. (1997). The strong natural ∆pCO2
at northern latitudes derives from surface cooling. In this connection, remember the strong bias of
∆CTdis toward low values at low temperatures due to inaccuracies in the back-calculation
technique. The effective ∆CTdis would be set when water looses its contact with the atmosphere,
reaching maximum winter mixing depths under very severe weather conditions. Although under
these strong wind conditions the air-sea exchange is strongly enhanced (Nightingale et al., 2000;
Wanninkhof and McGillis, 1999), rapid deep mixing with underlying CO2-loaden and oxygen poor
waters also takes place, finally resulting in a winter mixed layer slightly oversaturated in CO2 and
undersaturated in oxygen (see Table 3.3). These conditions take place in late winter or early spring.
Presumably zonal averages of winter ∆pCO2 values are not representative of ∆pCO2 when the
water mass looses contact with atmosphere. Furthermore, the outcrop of water masses is a spatially
localised phenomenon, occurring at specific areas where the stability of the surface layer is
reduced. So, we think the agreement between mean zonal ∆pCO2 from GSS’96 and Takahashi et
al. (1997) is somehow spurious and fortuitous.
In summary, we shown evidence for some significant deficiencies in the estimation of the
anthropogenic CO2 uptake in the oceans. The estimation of TA0 as a function of AOU and IOR, the
addition of water vapor pressure in the calculation of pre-industrial pCO2 and the selection of the
appropriate carbonic acid dissociation constants (Merhbach et al., 1973) stand out as key factors in
the back-calculation technique for CANT. These improvements yielded consistent results in the
estimation of CANT along a section in the Eastern North Atlantic Ocean, with practically no
anthropogenic input in deep and bottom waters and reasonable CANT concentrations in the upper
water column. We conclude that there does not exist a significant CO2 disequilibrium when water
masses are formed, previous claims of such a disequilibrium being based on an artefact arising
Chapter 3. Improvements on the Back-Calculation Technique.
78
from the inaccuracy in estimating preformed TA0, pre-industrial equilibrium CT and the water
masses true age, which is estimated from transient tracers.
Our improvements on CANT can be applied for any other ocean basin, except for the
parameterization of TA0, which is specific for the North Atlantic Ocean. Similar procedures for
other ocean basins where long-term average rain ratios are available could be developed. Despite
the proposed improvements, uncertainties still remain in the estimation of CANT: the respiratory
quotient for sinking organic matter, the mixing problem, but overall the verification of preformed
values of oxygen, alkalinity, pCO2 and nutrients at the winter mixed layer.
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RESUMEN.
En este capítulo se exponen los resultados de los transportes de propiedades físicas (masa,
calor y sal) y químicas (nutrientes y oxígeno) en el límite sur del giro Subpolar del Atlántico Norte.
Estos transportes se calcularon a partir de los datos hidrográficos y químicos tomados a lo largo de
la sección WOCE (World Ocean Circulation Experiment) A25, campaña 4x. Inicialmente, la
velocidad a través de la sección se ajustó a un patrón de circulación lo más cercano a la realidad
posible. Esta “aproximación inicial” de la circulación se obtuvo modificando el campo de
velocidades geostróficas referidas a un nivel fijo de referencia, o nivel de no movimiento. Se
aplicaron correcciones barotrópicas (correcciones en el nivel de referencia) para reproducir el
transporte de masa en áreas específicas cruzadas por la sección, manteniendo la conservación de
masa y sal, ya que se asume que el Atlántico Norte al norte de la sección 4x es una cuenca cerrada.
Con referencia al transporte ageostrófico en la capa de Ekman se calcula teniendo en cuenta la
variación estacional del forzamiento del viento, tomado de la climatología del SOC (Southampton
Oceanography Centre) (Josey et al., 2001), así como los valores estacionales de las propiedades en
esta capa según el Atlas Mundal de 1998 (World Ocean Atlas 1998, NOAA).
Por último, sobre esta “aproximación inicial” se aplica un método inverso para forzar el flujo
de silicato al valor de los aportes fluviales de este nutriente al norte de la sección, unos 26 kmol·s-1
según Tréguer et al. (1995), de esta manera se obtiene la “estimación óptima” del patrón de
velocidades. Las principales fuentes de incertidumbre que afectan tanto al transporte de masa como
de propiedades se evalúan, comprobándose la necesidad de una suficiente cobertura espacial para
resolver la escala de eddies o mesoescala.
El patrón de circulación obtenido es consistente con el conocimiento actual sobre los
transportes de masas de agua en el Atlántico Norte Subpolar. La fuerza del giro del Atlántico
Subpolar es de –25.4 Sv, cantidad que comprende el transporte hacia el sur del agua de Dinamarca
(Denmark Strait Overflow Water, DSOW) dentro de la corriente del este de Groenlandia (East
Greenland Current, EGC). La corriente del Atlántico Norte (North Atlanic Current, NAC) arrastra
27.7 Sv hacia el noreste. En la cuenca ibérica 2 Sv de agua con σ2>36.98 kg·m-3 fluyen hacia el
norte, en correspondencia con los 2 Sv de agua de fondo antártica (Antarctic Bottom Water) que se
introduce en la cuenca este del Atlántico Norte a través de la fractura de Vema.
Con la finalidad de dilucidar los procesos que gobiernan los transportes de las propiedades
físicas y químicas, los flujos geostróficos se descompusieron en sus componentes barotrópicas,
baroclínicas y horizontales. La circulación de renovación (overturning circulation) en el giro
Subpolar se evaluó como la integral del flujo baroclínico entre 1100 y 3200 db, -16.5 Sv hacia el
sur, los cuales se compensan con un flujo hacia el norte de 14.8 Sv en los primeros 1100 db y de
1.7 Sv por debajo de 3200 db.
El flujo neto de calor a través de la sección es de 0.65±0.1 PW hacia el norte, un 54% de éste
flujo compensa la pérdida de calor hacia la atmósfera debido a la formación de masas de agua al
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norte de la sección, el restante 45% se debe a la circulación horizontal o de giro.
Combinando nuestros resultados sobre el flujo de calor con los dados por otros autores a
través de una sección desde Irlanda hasta el cabo Farewell (Bacon, 1997) y otra zonal a lo largo de
36ºN (Rintoul and Wunsch, 1991), hemos podido calcular la convergencia de calor entre secciones.
La pérdida de calor hacia la atmósfera calculada de esta manera discrepa con la dada por la
climatología del SOC, especialmente en la parte este del Atlántico Norte.
Puesto que el transporte de sal a través de la sección es prácticamente nulo (-0.8±6.7
Mkg·s-1), el balance de masa, -0.4±1.5 Sv hacia el suroeste, indica un aporte neto de agua dulce al
norte de la sección 4x, explicado por una ganancia neta de agua dulce debido al aporte fluvial más
la precipitación frente a la evaporación sobre la cuenca al norte de la sección 4x.
El Atlántico Norte Subpolar exporta hacia el giro Subtropical nitrato, fosfato, silicato y
oxígeno con unas tasas de -50±19, -6±2, -26±15 y -1992±440 kmol·s-1, respectivamente. El
mecanismo principal responsable de estos flujos es la circulación de renovación que extrae
nutrientes principalmente de los primeros 1000 db ya que en esta capa las aguas pobres en
nutrientes fluyen hacia el noreste. Por el contrario en el caso del oxígeno, la contribución principal
al flujo neto se debe a la circulación horizontal debido al fuerte contraste en las concentraciones de
éste en el nivel situado entre los 500 y los 1000 db. En esta capa se sitúa en la parte oeste el agua de
Labrador que fluye hacia el sudoeste con un alto contenido en oxígeno mientras que en la parte
este, agua Mediterránea fluye hacia el norte con un bajo contenido en oxígeno.
En este capítulo se plantea un balance de nitrato para la región comprendida entre el estrecho
de Bering y la sección 4x, región Ártico-Subpolar, asumiendo que el nitrato se encuentra en estado
estacionario para escalas de tiempo de 10 años aproximadamente. Nuestros resultados apuntan a
que esta región se comporta como un sistema netamente heterotrófico que produce nitrato a
40.6±14 kmol·s-1 resultado de la remineralización neta de materia orgánica, que es parcialmente
importada desde el giro Subtropical.
El transporte de nitrato hacia el polo a través de la sección 36ºN y su transporte hacia el
Ecuador a través de la sección 4x causa una convergencia de nitrato en el Atlántico Subtropical. En
esta zona al igual que en la región Artico-Subpolar hemos planteado un balance de nitrato,
concluyendo que se comporta como una fuente de nitrógeno orgánico, unos 15±16 kmol·s-1 hacia el
norte y 154±66 kmol·s-1  hacia el sur. Esta hipótesis es totalmente tentativa ya que no se han
realizado medidas de nitrógeno orgánico a lo largo de ninguna de las secciones anteriormente
comentadas, de todas formas esta apoyada por evidencias indirectas en la región: la producción
primaria en la zona es alta (Antoine et al., 1996; Berger et al., 1989; Longhurst et al., 1995) esto
implica que existe una alta concentración de materia orgánica (Bishop et al., 1989). Esta puede ser
remineralizada, sedimentada o una combinación de ambos procesos, puesto que la tasa de
sedimentación en la zona es baja (Jahnke, 1996) y que no existe transporte de nitrato a través de
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ninguna de las secciones hacia el norte, lo cual indica una remineralización baja, la materia
orgánica debe ser exportada fuera de la zona. La oxidación de esta materia orgánica mientras fluye
hacia el sur a través de la sección 36ºN explicaría las altas tasas de utilización de oxígeno que se
han observado en el Mar de los Sargazos (Jenkins and Goldman, 1985) y confirmaría uno de los
posibles escenarios planteados por Walsh et al. (1992) acerca del transporte de nitrógeno orgánico
en el Atlántico Norte.
El esquema de circulación y los resultados de los transportes obtenidos a través de la sección
WOCE A25, sección 4x, son consistentes con los principios tanto dinámicos como
biogeoquímicos. El cálculo de los flujos de propiedades físicas y químicas proporciona una
información muy valiosa acerca del comportamiento del Atlántico Norte a escalas climatológicas.
Esta información será muy útil a la hora de constreñir modelos de circulación global y, en
consecuencia, provechosos para predecir futuros cambios climáticos. En este capítulo se enfatiza la
utilidad e importancia de inferir convergencias y divergencias regionales de propiedades físicas y/o
biogeoquímicas cuando se combinan y analizan los resultados de distintas secciones transatlánticas.
En este sentido, observamos una gran discrepancia entre la pérdida de calor estimada de forma
hidrográfica y climatológica en el este del Atlántico norte. Además, proponemos una visión global
pero a la vez tentativa de los balances de nitrógeno y oxígeno en el Atlántico Subpolar y
Subtropical.
ABSTRACT.
A transoceanic hydrographic section across the North Atlantic Subpolar gyre from Vigo
(northwestern Iberian Peninsula) to Cape Farewell (south of Greenland) was sampled in summer
1997 as part of the World Ocean Circulation Experiment program (WOCE A25, 4x cruise). The
circulation pattern across the 4x section is diagnosed using inverse methods. The flow is
constrained with measured mass transports at specific sites, while conserving mass and salt for the
region north of the section and forcing the silicate flux to the river input north of the section. The
fluxes of physical (heat and freshwater) and chemical (nutrients and oxygen) properties are
estimated and decomposed into barotropic, baroclinic and horizontal components. The heat
transport amounts 0.65±0.1 PW poleward, with 54% and 45% of the flux due to the baroclinic (or
overturning) and horizontal circulation, respectively. From the salt conservation, an equatorward
freshwater transport of -0.4±1.5 Sv is estimated, resulting from net precipitation plus runoff over
the North Atlantic Ocean north of the section. The Subpolar gyre exports nutrients and oxygen
southwards towards the Subtropical ocean at rates of -50±19, -6±2, -26±15 and -1992±440 kmol·s-1
for nitrate, phosphate, silicate and oxygen, respectively. The main mechanism responsible for the
nutrient’ transports is the overturning cell, whereas oxygen is mainly transported southwards due to
the large-scale horizontal circulation. Combining our fluxes with those from the 36ºN section
(Rintoul and Wunsch, 1991) allows us to examine budgets of physical (heat and freshwater) and
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chemical (nitrogen and oxygen) properties for an enclosed area of the Subpolar and Temperate
North Atlantic. The tentative nitrogen budget for the box between the 4x and the 36ºN sections
suggests that the Temperate North Atlantic is exporting organic nitrogen towards the Subtropical
and the Subpolar provinces, which is consistent with indirect evidence.
_______________________________________________________________________________
4.1. INTRODUCTION.
The importance of the North Atlantic Ocean in the context of the world ocean thermohaline
circulation and in global climate change is well known (e.g., Broecker and Denton, 1989; Dickson
and Brown, 1994; Schmitz, 1996).  The northern North Atlantic is a key water mass formation
region: the Denmark Strait Overflow Water (DSOW) and Iceland-Scotland Overflow Water
(ISOW), and Labrador Sea Water (LSW) are formed by cooling, sinking and mixing and ultimately
flow southwards through the North Atlantic in the Deep Western Boundary Current (DWBC) as
North Atlantic Deep Water. Hence, this lower limb of the “Conveyor Belt” constitutes a major
pathway for the meridional transport at depth of heat, freshwater and chemical constituents, such as
nutrients or oxygen. The compensating shallow northward transport is carried by the North Atlantic
Current (NAC), an extension of the Gulf Stream north of Cape Hatteras.
The present work is based on observations along the southern boundary of the North Atlantic
Subpolar Gyre made as part of the World Ocean Circulation Experiment (WOCE). The main goal
of WOCE is to determine the large–scale oceanic circulation as a basis for developing and testing
ocean circulation models and coupled climate-change models. Therefore, reliable estimates of heat
and freshwater fluxes in the northern Atlantic Ocean are of particular importance. In addition,
fluxes of nutrients and oxygen in this area provide valuable information about the processes
controlling the biogeochemical cycles in the North Atlantic.
Here we present results on heat, freshwater, nutrient and oxygen fluxes across the southern
boundary of the Subpolar North Atlantic gyre in a section from Vigo (northwestern Iberian
Peninsula) to Cape Farewell (southern tip of Greenland) (Figure 4.1). The cruise, called 4x because
it repeated section 4 sampled during the IGY (Dietrich, 1969), was carried out in August 1997 on
board the RRS Discovery. Data collection and processing procedures are given by Bacon (1998).
A major difficulty in obtaining reliable fluxes of any property is the determination of the
velocity field. In this work we adjust an “initial guess” for the geostrophic velocity field with
measurements of mass transports in the area and then we develop an inverse model using additional
constraints in order to obtain our “best estimate” of the circulation. The main purposes of the
present work are to examine the physical and chemical fluxes across the southern boundary of the
Subpolar North Atlantic gyre, to compare them with the magnitude of their corresponding sources,
to identify the mechanisms responsible for the transport of each property and to assess the overall
budgets in the North Atlantic by combining our results with those from other sections in the area.
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In this regard, several studies have addressed the magnitude of heat, freshwater and chemical
properties in the North Atlantic, with special emphasis on the Subtropical gyre (Brewer et al.,
1989; Hall and Bryden, 1982; Lavín et al., 1998; Martel and Wunsch, 1993; Rintoul and Wunsch,
1991; Roemmich and Wunsch, 1985) but few studies have been conducted in the northern North
Atlantic (Bacon, 1997; Stoll et al., 1996).
Figure 4.1. Station locations from the 4x cruise with the 36ºN (solid line) and CONVEX (dashed line)
sections from Rintoul and Wunsch (1991) and Bacon (1997), respectively. IAP stands for Iberian
Abyssal Plain, CGFZ for Charlie-Gibbs Fracture Zone and EGC for East Greenland Current.
4.2. COMPONENTS OF THE FLUXES.
The net transport of any property across the 4x section can be computed as:
where TProp is the property transport, calculated by integrating the product of the property
concentration (Prop), the velocity orthogonal to the section (v) and the in-situ density (ρS,T,P) from
Vigo to Cape Farewell over the entire water column (that is, from the surface, 0, to the bottom
depth, –H). The triangular area remaining below the deepest common level at each pair of stations
is treated separately: the transport in the bottom triangles is calculated by multiplying the velocity
at deepest common level by the bottom triangle area and a weighted average of each property in the
bottom triangle.
The velocity field is assumed to be geostrophically balanced except for the wind-driven
Ekman layer. For calculating the geostrophic velocity with the thermal wind equation, CTD data
(4.1)∫ ∫
−
⋅⋅⋅⋅=
Farewell
Vigo
0
H
PT,S,Prop dzdxPropρvT
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recorded every 2 db for temperature, salinity and pressure are smoothed to 20 db intervals.
Chemical data obtained at bottle depths are linearly interpolated to 20 db intervals, so as to match
the physical fields. We make the assumption that the property distributions below the upper 100-
200 db are uninfluenced by the seasonal cycle and represent long-term distributions in order to
obtain a climatological estimate of the mass, heat, freshwater and chemical transports from a single
section. The upper Ekman layer will be treated separately, as explained below.
In order to understand the processes leading the transports, we have separated the
geostrophic fluxes into components as introduced by Roemmich and Wunsch (1985), Bryden et al.
(1991), Saunders and Thompson (1993) and Bryden (1993). The geostrophic transport of any
property can be broken up into 3 parts, a barotropic term due to the net transport across the section;
a baroclinic term due to the horizontally averaged vertical structure; and finally, a horizontal term
due to the residual flow after the barotropic and baroclinic components have been subtracted,
which is associated with the horizontal variations about the baroclinic profile. The barotropic
transport is associated with the net mass transport through the section, whereas the baroclinic and
horizontal have no net mass flow. The baroclinic and horizontal transports are respectively
associated with the meridional overturning circulation and the large-scale gyre circulation
including smaller scale eddies. To quantify these components, the orthogonal velocity, v, and each
property, Prop, are separated into a section-averaged value (< ν> and < Prop >, respectively), a
baroclinic profile of zonally averaged values at each depth (<v>(z) and <Prop>(z)), and the
deviations from zonal averages (anomalies) for each pair of stations and depth (v’(x,z) and
Prop’(x,z)). Hence,
The corresponding transports are calculated as:
1. Barotropic component:
2. Baroclinic component:
3. Horizontal component:
where L(z) is the width of the section at each depth and ∫L(z)dz is the area of the section
transport is expressed in Sverdrups (106 m3·s-1), so density is not introduced in its calculatio
heat transport is given in PetaWatts (PW=1015 Watts), so the specific heat capacity at c
pressure (Cp) is used in the temperature version of equation 4.3. The salt fluxes are given in 
(106 kg·s-1) and finally, the transports of the chemical properties, nutrients and oxygen are g
z)(x,v'(z)vvv +><+>=< z)(x,Prop'(z)PropPropProp +><+>=<
∫><>< L(z)dz·Prop·v·ρ PT,S,
∫ ><>< (z)·L(z)dzProp(z)·v·ρ PT,S,
∫ z)·dz·dx(x,z)·Prop'(x,·v'ρ PT,S, (4.2). Mass
ns. The
onstant
Mkg·s-1
iven in
(4.3a)
(4.3b)
(4.3c)
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kmol·s-1 (103 mol·s-1). Throughout, we use the convention that positive fluxes refer to northward
transports orthogonal to the section.
The Ekman transport of any property is calculated as:
where τ is the cross-section wind stress component, f the Coriolis parameter and PropEk is the mean
value of each property in the Ekman layer, taken as 75 db. In the case of mass transport no density
is included; for the heat transport Cp is included in the integral. In order to obtain a climatological
mean of the circulation, we calculate the seasonal mean Ekman transport, and the corresponding
annual mean. Seasonal means for the east and northward wind components were obtained from the
Southampton Oceanography Centre (SOC) wind climatology (Josey et al., 2001). As our cruise
was performed in late summer, in order to avoid any bias in the Ekman transport, we coupled the
seasonal wind stress values with the mean seasonal values of each property in the upper 75 db
taken from the World Ocean Atlas 1998 data set (Ocean Climate Laboratory, NOAA) to estimate
seasonal values of property transports and then averaged the seasonal transports to obtain the
annual average Ekman property transports.
4.3. DETERMINATION OF THE VELOCITY FIELD.
4.3.1. Approximation.
In this section we will describe the process for deriving the closest-to-reality estimate of the
velocity field. This becomes our “initial guess” to be introduced in an inverse model with
additional constraints to obtain the “best estimate” of the circulation. Because circulation schemes
based on minimal adjustment velocities resulting from under-determined least-squares solutions are
dependent on the initial choice of reference levels (Rintoul and Wunsch, 1991) careful attention
must be paid to define our “initial guess”. Table 4.1 summarises the evolution of the velocity field
towards the “initial guess”, giving an overview of the adjustments or modifications applied and
these are explained in detail in the following paragraphs.
The first geostrophic velocity field was calculated referenced to a Level of No Motion
(LNM) situated at a constant pressure level equal to 3200 db. This LNM was taken following
Saunders (1982) who states that for the eastern North Atlantic a deep LNM at 3200 db is
satisfactory and cannot be distinguished from a shallower reference level given the errors in
computing the geostrophic transport. The net mass transport across the section calculated with this
first LNM was 66 Sv (Table 4.1), clearly an unrealistic overestimation. Next we proceeded to
adjust the LNM everywhere except for the Iberian Abyssal Plain stations. A LNM at σ2=36.94
kg·m-3 (Figure 4.2b) was applied in accordance with Bacon’s (1997) analysis where this LNM
    (4.4)x·dProp··ρ
f
τT EkPT,S,EkProp ∫=
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minimised the volume flux divergence in a box defined in the northern North Atlantic. Then, the
resulting net mass transport of 15 Sv was uniformly distributed across the section to make the net
mass flux be zero. This uniform barotropic velocity added everywhere was –0.13 cm·s-1 (Table
4.1).
Table 4.1. Evolution of the velocity field toward the “initial guess” circulation. The evolution in five steps is
described as changes to the Level of No Motion (LNM), barotropic adjustments for the whole section or for
selective areas (Iberian Abyssal Plain (IAP), Charlie Gibbs Fracture Zone (CGFZ), and East Greenland
Current (EGC)). The corresponding mass and salt transports are also shown. Units are Sv (106 m3·s-1) and
Mkg·s-1 (106 kg·s-1).
LNM Barotropicadjustment cm·s-1
Mass Tr.
Sv
Salt Tr.
Mkg·s-1
Press = 3200 db 0 66 2401
σ2=36.94 except IAP 0 15 562
σ2=36.94 except IAP -0.13 0 11
σ2=36.94 except IAP
IAP ? 0.09
CGFZ ? 2.26
EGC ? –4.81
2.13 91
σ2=36.94 except IAP -0.02 -0.36 -0
Based on direct observations and reliable estimates of mass transport in specific areas
crossed by the section, we adjusted the mass flux at three locations: the Iberian Abyssal Plain
(IAP), the Charlie-Gibbs Fracture Zone (CGFZ) and the western boundary region within 110 km of
Greenland in the East Greenland Current (EGC) (Figure 4.1). Specifically, because the eastern
North Atlantic constitutes a cul-de-sac for waters below 2000 m, we adjusted the velocity in the
stations located over the IAP to have no mass transport below the σ2=37 kg·m-3 surface (Figure
4.2b), which effectively coincides with the 2000 db pressure level. The second adjustment is in the
western boundary region in the EGC, where we applied a barotropic correction over the whole
water column within 110 km of Greenland to obtain a total EGC flow of -25 Sv, as proposed by
Bacon (1997) from a combination of ADCP measurements and historical hydrographic data in the
area. The third adjustment was made over the CGFZ to reproduce the deep transport value given by
Saunders (1994) of -2.4 Sv below σθ=27.8 kg·m-3 (Figure 4.2b). The net volume and salt fluxes
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across the 4x section after these considerations are 2.13 Sv and 91 Mkg·s-1 (Table 4.1).
Instead of the requirement for zero mass transport across the section, we consider the
northern North Atlantic to be a closed basin, and hence, a better constraint should be the
conservation of salt, which is not affected by the transport into or out of the region by Runoff,
Precipitation and Evaporation (R+P-E). There are three areas where oceanic water can leave or
enter the Arctic: through the Bering Strait (Coachman and Aagaard, 1989; Roach et al., 1995),
through the Canadian Archipelago (Fissel et al., 1988) and as ice or water between Greenland and
Europe. The larger terms are the Bering Strait flow into the Arctic (about 1 Sv) and the Canadian
Archipelago Throughflow (about 1-2 Sv from the Arctic). In this study we assume the net flow
between Greenland and Europe must be small (0±1 Sv), as in Bacon (1997), Fu (1981), Lavín et al.
(1998), Martel and Wunsch (1993), Rintoul (1988) and Wunsch et al. (1983). With this assumption
the previous salt transport (91 Mkg·s-1) can be compensated by a small uniform barotropic velocity
over the whole section of -0.02 cm·s-1 (Table 4.1).
The velocity field obtained after this set of adjustments is considered as the “initial guess”
and the corresponding transports are shown in Table 4.2. The salt transport is negligible so the
mass transport (-0.36 Sv) denotes the R+P-E balance, pointing to an excess of precipitation plus
runoff over evaporation in the northern North Atlantic.
Table 4.2.  “Initial guess” transports across the 4x section. Units are Sv (106 m3·s-1), PW (1015 W), Mkg·s-1
(106 kg·s-1) and kmol·s-1 (103 mol·s-1).
Barotropic Bottom Tr. Ekman Baroclinic Horizontal Final
Mass -Sv 5.06 -4.04 -1.38 0.00 0.00 -0.36
Heat - PW 0.11 -0.04 -0.06 0.41 0.27 0.69
Salt – Mkg·s-1 184.1 -147.1 -49.9 6.4 6.4 0.0
NO3 – kmol·s-1 87 -67 -8 -78 4 -63
PO4 – kmol·s-1 6 -5 -1 -6 -1 -7
SiO4 – kmol·s-1 83 -55 -7 -179 53 -105
O2 – kmol·s-1 1323 -1197 -384 -468 -1104 -1829
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Over this “initial guess” circulation minor reference level velocity corrections will be applied
to adjust the circulation and to satisfy a suite of constraints in an inverse model. The inverse
method (Wunsch, 1978; Wunsch, 1996) determines a set of reference level velocities that satisfy
given constraints on the flow; here the unknown velocities are found solving a system of linear
equations using the Singular Value Decomposition (SVD).
Tréguer et al. (1995) estimated the riverine input of silicate into the world ocean to be
177±58 kmol·s-1. Considering, a total river flux into the world ocean of 39.7·1018 cm3·y-1 and
5.8·1018 cm3·y-1 into the Arctic and northern North Atlantic (Baumgartner and Reichel, 1975), the
corresponding input of silicate into these basins is about 26 kmol·s-1. Thus, the southward silicate
flux of –105 kmol·s-1 obtained from the “initial guess” pattern of circulation (Table 4.2) seems
significantly high, and we use the inverse method to constrain the silicate flux to be –26 kmol·s-1
while conserving mass and salt (i.e., three constraints in total).
We are aware that silicate is not strictly conservative, since it is an important chemical
requirement for certain biota such as diatoms and radiolaria. However, most of the biogenic silica
is dissolved in the water column, because the ocean is highly undersaturated in silicate, and only
about 3% of the biologically produced silica is buried in the sediments (Nelson et al., 1995;
Tréguer et al., 1995). In this connection, treating silicate as conservative is congruous with the
present understanding of biogenic processes.
In solving the system of linear equations with SVD, the three equations are scaled by their
norm, or row scaled, i.e. the three constraints are equally important, so no additional weighting is
introduced. The relative importance of the unknowns with respect to each other, or column scaling,
can be treated in different forms as described for example in Wunsch (1996) and Holfort and
Siedler (2001). The method we use is to treat the barotropic transports as unknowns and scale them
by the square root of the total area between station pairs, which is equivalent to weighting each
station pair equally regardless of its area.
Finally, the constraints are not solved exactly because that can lead to an unrealistic
circulation pattern. It must be taken into account that the constraints are approximations with a
certain degree of uncertainty, both in the direct measurements and in the assumptions. In contrast,
we search for the simplest consistent solution, minimising the variance in the reference level
velocities from their initial values. The degree of stringency in imposing the constraints is given by
the rank of the solution matrix, i.e., the rank of the matrix with the new barotropic velocities. A
high rank means that the system is exactly solved, but this can magnify the errors and produce
unrealistically high and variable velocity adjustments. In contrast, with a low matrix rank the
system is solved with a high degree of uncertainty and the solutions can be considered inaccurate.
Therefore, we search for an optimal rank that satisfies the constraints rather precisely and
introduces a relatively low noise in the final barotropic velocities.
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In this case, we have selected the solution which takes into account the first two singular
values or eigenvalues of the SVD (two out of three), which satisfy the constraints within 99.9% and
introduce less noise than the exact solution, especially at the western and eastern limits of the
section (Figure 4.2a). The final barotropic adjustments have a mean value of –0.05 cm·s-1 with a
standard deviation of 0.13 cm·s-1. In summary, in order to decrease the initial flux of silicate (-105
kmol·s-1, Table 4.2) to –26 kmol·s-1 the reference level velocity corrections increase the northward
flux of high silicate water in the IAP area, where the highest silicate concentrations are reported
(Álvarez et al., 2001, Chapter 2), and slightly decrease the northward transport across the rest of
the section. The final velocities (Figure 4.2b) and transports (Table 4.3) will be discussed in the
following sections. An assessment of the sources of uncertainty of our calculations is detailed in the
Appendix. The maximum error estimated for each property flux is also given in Table 4.3.
Table 4.3.  “Best estimate” transports and corresponding errors across the 4x section. Units are Sv   (106
m3·s-1), PW (1015 W), Mkg·s-1 (106 kg·s-1) and kmol·s-1 (103 mol·s-1).
Barotropic Bottom Tr. Ekman Baroclinic Horizontal Final Error
Mass -Sv 5.26 -4.28 -1.38 0.00 0.00 -0.40 1.48
Heat - PW 0.11 -0.04 -0.06 0.37 0.31 0.69 0.11
Salt – Mkg·s-1 191.3 -155.8 -49.9 5.8 7.8 -0.8 6.7
NO3 – kmol·s-1 90 -71 -8 -66 4 -50 19
PO4 – kmol·s-1 6 -5 -1 -5 -1 -6 2
SiO4 – kmol·s-1 86 -57 -7 -112 62 -26 15
O2 – kmol·s-1 1375 -1268 -384 -480 -1235 -1992 440
Figure 4.2. (a) Barotropic corrections (cm·s-1) obtained from the inverse
model, with the selected solution as a solid line. (b) Vertical
distribution of the geostrophic velocity field in cm·s-1 across the 4x
section. Shaded areas indicate south or southwestward velocities.
Note in Figure 4.2b the expanded view of the eastern boundary.
Shaded areas indicate south or southwestward velocities.
Geographic areas are highlighted: MAR stands for Mid-Atlantic
Ridge and CGFZ for Charlie-Gibbs Fracture Zone. Note the
different scale for the upper 1000 db. In both Figure 4.2a and 4.2b
the upper axis shows some station positions, indicated in Figure 4.1.
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4.3.2. Flow field across the 4x section.
In this section we focus upon the distribution of the best-estimate geostrophic velocity and
the mechanisms responsible for the meridional circulation across the 4x section. The absolute
velocity field (Figure 4.2b) exhibits a columnar nature, with alternating flows intensified in the
upper 1000 db reflecting mesoscale eddies. Similar results are commonly obtained from inverse
computations (e.g., Fu, 1981; Rintoul and Wunsch, 199; Wunsch et al., 1983).
Although not clearly differentiated in Figure 4.2b, a strong current carries water southward
between 400-700 db along the Iberian coast with a speed between 30 and 40 cm·s-1. This flux can
be ascribed to the variable and seasonally dependent Portugal current (Arhan et al., 1994; Krauss
and Kase, 1984; Richardson, 1983). At about 70 km offshore appears a remarkable poleward slope
current about 1000 db deep, the Portugal Coastal Countercurrent, with maximum values around 12
cm·s-1. This current has been described in spring as well as in winter by several authors (Ambar et
al., 1986; Frouin et al., 1990; Haynes and Barton, 1990) and mainly carries Mediterranean Water
northwards (Daniault et al., 1994; Mazé et al., 1997; Zenk and Armi, 1990). Northward velocities
predominate in the rest of the Iberian Basin except for two mesoscale eddies about 500 db deep and
300 km wide located around stations 28 and 34 (Figure 4.2b). These eddies have warmer
temperatures in their cores than in the surroundings, revealing their anticyclonic rotation. Similar
mesoscale features have been described by Arhan et al. (1994) in the Iberian Basin and called
“winter intensified anticyclones”, which are likely formed from instabilities of the NAC further
north (Krauss, 1986; Krauss and Käse, 1984; Sy et al., 1992). Below 2000 db in the IAP a cyclonic
circulation is suggested in this basin as observed by long-term current meter measurements
(Dickson et al., 1985) and also postulated by an inverse model for this basin (Paillet and Mercier,
1997).
The latitudinal band between 40ºN and 55ºN constitutes an area of great oceanographic
interest because it is the transition between the North Atlantic Subtropical and Subpolar gyres.
Observations confirm the permanent existence of a northern branch of the NAC located above the
CGFZ; we estimate a maximum speed of 16 cm·s-1 in the NAC over the CGFZ. Several current
branches of less than 100 km wide can be distinguished above the western flank of the Mid-
Atlantic Ridge (MAR) around stations 52 and 56, confirming the observations of Sy et al. (1992).
On the eastern flank of the MAR, between stations 46 and 50 a strong cyclonic eddy is
distinguished in the upper 800 db.
The CGFZ constitutes the passage of deep water from the Northeast Atlantic into the western
basin, this flow supplies a mixture of Iceland-Scotland Overflow Water and Eastern North Atlantic
Deep Water (Álvarez et al., 2001, Chapter 2) ultimately to the DWBC, so it is an important branch
of the southward return flow of the Atlantic meridional overturning circulation (Dickson and
Brown, 1994; Schmitz and McCartney, 1993; Smethie and Swift, 1989). However, reversals of the
flow, turning eastward, have been reported and related to interactions between the CGFZ
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throughflow and the NAC (Saunders, 1994; Schott et al., 1999). As we forced the circulation to
correspond to a climatological mean value, the deep flow in the CGFZ is directed southwestwards
with a maximum speed of –8 cm·s-1.
The cyclonic circulation in the upper 500 db of the Irminger Basin is resolved by the model
solution, with a northward flow above the western slope of the Reykjanes Ridge and a strong
southward flow over the whole water column in the EGC region. Lying against the lower part of
the Greenland slope, the bottom-trapped current associated with the DSOW flow below 2000 db
has a maximum speed of –20 cm·s-1. This is a bit lower than the values reported by Dickson and
Brown (1994) from a current meter array at the slope of Cape Farewell. In the surface layer, along
the continental margin of Greenland, the EGC occupies the upper 800 db over the slope with a
maximum speed of –48 cm·s-1.
As previously noted, the baroclinic or overturning flux is linked to the global Conveyor Belt,
whereas the horizontal flux is ascribed to the large-scale gyre circulation. In this sense, the vertical
profile of zonally integrated mass transport and the horizontal profile of vertically integrated mass
transport across the 4x section are shown in Figure 4.3. Regarding the baroclinic structure (Figure
4.3a), the overall pattern consists of a northward flux of 14.8 Sv in the upper layers. Below 3200 db
a weak northward flow of 1.7 Sv occurs over the IAP. The upper northward flux is effectively
compensated by a southward flux of -16.5 Sv between 1100 db and 3200 db, and this depth interval
includes LSW and the two overflows crossing the section, DSOW and ISOW, that ultimately join
together in the DWBC. Thus Figure 4.3a portrays the overturning circulation across the Subpolar
gyre. In the same way as detailed in the Appendix, the estimated error in this overturning
circulation is –16.5±3.6 Sv. Higher variability was reported by Koltermann et al. (1999) from an
analysis of three sections in the northern North Atlantic at three distinct periods of deep convection
in the Labrador Sea, which they hypothesised would affect the size of the meridional overturning
circulation.
Figure 4.3b shows the horizontally integrated mass transport accumulated from zero at the
east (i.e., Vigo at the right). The northward flux in the eastern part of the section (Figure 4.3b) is
noisy due to eddy activity in the upper layers of the eastern North Atlantic (Paillet, 1999) (Figure
4.2b). On the eastern flank of the MAR, from 1500 to 1700 km, a strong eddy is distinguished (see
also Figure 4.2b). The NAC signature is clearly evident in the steep transport increase to 28.4 Sv
from about 1700 to 2500 km (stations 50 to 64). As described by Bacon (1997), the strength of the
general circulation of the Subpolar gyre can be deduced from the southward flux between Cape
Farewell and the centre of the Irminger Basin, associated with the EGC and DSOW. In agreement
with Bacon’s analysis, we obtained a transport of -25.4 Sv southwards over this region which
effectively balances the northward flow in the NAC.
A northward flux of 2.2 Sv was obtained in the Iberian Basin for waters denser than σ2=37
kg·m-3. In the context of global circulation this flux corresponds with the 2 Sv of modified
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Antarctic Bottom Water (Schmitz and McCartney, 1993; Schmitz, 1996) flowing northward across
the Iberian Basin to join the overflows. Regarding the deep flow in the CGFZ, a southwestwards
flow of -2.6 Sv for σ2>36.93 kg·m-3 is included in our circulation in agreement with Saunders’
(1994) mean transport estimate.   
Figure 4.3. Baroclinic (a) and horizontal (b) components of the mass transport across the 4x section. The
horizontal transport is accumulated from zero at Vigo. The vertical integrated baroclinic transport
down to 1000 db is 14.8 Sv, -16.5 Sv from 1100 to 3200 db and 1.7 Sv below 3200 db. (1 Sv = 106
m3·s-1). The upper axis in Figure 4.3b shows station positions.
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4.4. PROPERTY TRANSPORTS: COMPONENTS AND NET BUDGETS.
4.4.1. Heat.
A poleward heat flux of 0.69±0.1 PW (see Appendix for the error assessment) was computed
across the 4x section. Yet, this value is biased as the section was sampled in summer. If we
homogenise the upper 210 db with the temperature at 210 db to simulate deep winter mixed layers,
the heat transport is reduced to 0.60 PW. Thus, the most likely annual mean for the heat transport
across the 4x section would be 0.65±0.1 PW poleward. However, in order to maintain the
consistency of our exposition in this manuscript, we will concentrate on the results from the real
data taken during the cruise.
As they conserve mass by definition, the baroclinic and horizontal heat fluxes contribute
directly and, in this case, to almost all the northward heat transport (54 and 45%, respectively,
Table 4.3). The barotropic component must be combined with the Ekman transport and the flux in
the bottom triangles to determine the barotropic heat flux with mass conservation (0.01 PW, being
only a 1% of the total, Table 4.3).
The baroclinic heat flux represents a northward transport of 0.37 PW (Table 4.3), which is
mainly concentrated in the upper 1000 db of the water column (Figure 4.4a), with a weak
northward heat flow at intermediate levels. Thus, the overturning cell across the southern boundary
of the Subpolar North Atlantic is compensating the heat loss to the atmosphere north of the section
associated with water mass transformation. Figure 4.4b shows the accumulated horizontal heat
transport from Vigo on the right, this plot is directly correlated with the accumulated horizontal
mass transport (Figure 4.3b) until the MAR (about 1700 km from Vigo), westwards they are
inversely correlated. This is due to the fact that temperature anomalies (θ’(x,z)) are mainly positive
(warmer than the section mean) east of the MAR, whereas north-westward of the MAR they are
negative (cooler than the section mean). These anomalies combined with the northward transport
east of the MAR and southward transport west of the ridge shown in Figure 4.3b yield the along-
section distribution of the horizontal heat fluxes. Figure 4.4c reveals the strong eddy activity in the
eastern North Atlantic from Vigo to the Azores-Biscay Rise (about 1000 km offshore Vigo), but
these eddies do not transport any heat. The eddy fields within the NAC and the EGC transport
-0.14 PW and 0.35 PW, southwestwards and northeastwards, respectively. At first sight these
results are unexpected due to the high northeastward and southwestward transport associated with
the NAC and EGC, respectively. However, velocity anomalies are positive (higher than the section
zonal mean) within the NAC and negative (lower than the section zonal mean) in the EGC. In the
case of temperature, the NAC is associated with a thermal front separating warmer  (positive
temperature anomalies) southwards from colder waters (negative anomalies) northwards, whereas
the EGC temperature anomalies are uniformly negative. The combination of the velocity and
temperature anomalies renders a total eddy flux negative within the NAC and positive at the EGC.
So, the horizontal circulation within the NAC contributes to cool the ocean north of the section and
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the EGC does the opposite, leaving warmer waters north of the section.
Figure 4.4. Baroclinic (a and b) and horizontal (c and d) components of the heat and salt transports across the
4x section. The horizontal transport is accumulated from zero at Vigo. The insets in (a) and (b) show
the zonally averaged profiles of temperature and salinity along with the corresponding section mean
values. The baroclinic profile is the deviation from the mean value as a function of depth. The upper
axis in Figure 4.4c and d shows station positions.
In the context of the North Atlantic meridional heat transports estimated by bulk formulae
(Hastenrath, 1982; Isemer et al., 1989; Semtner and Chervin, 1992; Trenberth and Solomom, 1994)
and inverse models (Schiller, 1995; Schlitzer, 1993), our obtained value of 0.65±0.1 PW poleward
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is within the ranges given by those authors. No direct comparison, however, is possible since our
section is not zonal. According to Macdonald and Wunsch (1996), Rintoul and Wunsch (1991) and
Sato and Rossby (2000) the heat transport across 36ºN is 1±0.2 PW, 1.3±0.2 PW or 1.4±0.3 PW,
respectively. Likewise, between Cape Farewell and Ireland (CONVEX section) 0.28±0.06 PW
(Bacon, 1997) is transported northwards. In the light of these figures it seems that the heat loss to
the atmosphere in the eastern North Atlantic between our section and that studied by Bacon (1997)
is somewhat higher than we had expected.
A more detailed analysis can be performed. We have calculated the surface heat fluxes for
the boxes bound by the 36ºN, the 4x and the CONVEX sections (Figure 4.1), and compared them
with the corresponding climatological mean values from the annual mean net heat flux given in the
SOC climatology (Josey et al., 1998). A disagreement between the climatological and
hydrographic estimates (Table 4.4) is found. The climatological heat looses are considerably
weaker than the hydrographic values. This discrepancy was also noticed by Josey et al. (1999) in a
box comprised between 32ºN and the CONVEX sections and mainly ascribed to an
underestimation of the heat loss over boundary currents due to a problem in the estimation of the
latent heat flux. However, a greater disagreement between the two sets of calculations is localised
in the eastern North Atlantic, a relevant area of winter convection where Subpolar Mode Water and
Eastern North Atlantic Central Water are formed (McCartney and Talley, 1982; Pollard et al.,
1996).
Table 4.4.  Heat convergence, loss to the atmosphere, between sections in the North Atlantic ocean,
calculated from the SOC mean annual heat flux (Josey et al., 1999) (SOC Heat flux) and from hydrographic
estimations (Hydro. Heat flux) taken from Rintoul and Wunsch (1991), Bacon (1997) and this work, for the
36ºN, the CONVEX and the 4x sections (using 0.65 PW), respectively.
Area
(1012m2)
SOC Heat
flux (W·m-2)
Hydro. Heat
flux (W·m-2)
Difference
(W·m-2)
36ºN-CONVEX 9.6 -33 -106 -73
36ºN-4x 6.3 -24 -103 -79
4x-CONVEX 3.3 -9 -112 -103
If it is assumed that the North Atlantic is an open basin north of our section, the impact of a
flux of about 0.8 Sv through the Bering Strait (Roach et al., 1995) at a temperature of about 0ºC
(Coachman et al., 1975) is negligible. Balancing this barotropic flux by an additional -0.8 Sv
flowing across the section at 5.18ºC would introduce an additional southwestward heat transport of
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only 0.02 PW. Likewise, balancing net precipitation plus runoff over the northern North Atlantic
introduces a negligible southwestward heat flux of -0.008 PW.
4.4.2. Salt and freshwater.
The baroclinic and horizontal salt fluxes are both northward across the 4x section and both
resemble those of heat (Figure 4.4).  The overturning circulation transports salt towards the north in
a two-lobe structure, within the upper 1200 db and between 1400 and 3300 db (Figure 4.4b). The
accumulated horizontal salt transport (Figure 4.4d) shows that in the Iberian Abyssal Plain (up to
station 34) there is low northward transport despite the strong eddy activity. The strongest
horizontal fluxes are concentrated in the NAC and EGC systems, with opposite directions, -5.9
Mkg·s-1 and 10.4 Mkg·s-1, respectively.
Combining then the thermohaline circulation mechanisms, the overturning circulation has a
two-lobe structure with warmer and more saline (with respect to the section average) waters
flowing northeastwards in the upper 1200 db, mainly in the NAC system, returning southwestwards
colder and fresher at intermediate levels. Consequently, in both layers there is a northeastward
transport of heat and salt. The vertical overturning circulation helps to compensate for the air-sea
heat loss and the net precipitation plus runoff over the northern North Atlantic. The horizontal
thermohaline fluxes are associated with the cyclonic Subpolar gyre circulation: warmer, saltier
waters flow northeastward in the NAC and return southwestward at colder temperature and lower
salinity in the EGC. This Subpolar gyre circulation also helps to compensate for the air-sea heat
exchange and net precipitation over the northern North Atlantic. The baroclinic and horizontal
circulation each contribute about half of the total heat and salt transports across the 4x section.
The total barotropic salt transport (barotropic plus bottom triangle and Ekman transports)
must counterbalance the northward salt transport due to the baroclinic and horizontal contributions
in order to conserve salt for the region north of the 4x section. Here, the barotropic salt transport is
-14.4 Mkg·s-1 (Table 4.3), and almost all of this southward salt transport is due to a net southward
mass transport of -0.4 Sv, which corresponds to the precipitation plus runoff north of the 4x
section. Thus, in order to maintain the salt budget in the region, a southwestwards mass transport is
required to compensate the northeastward baroclinic and horizontal salt flux contributions.
Assuming that the Arctic ocean is a closed basin, salt must be conserved and thus, the salt
flux across the section has been forced to be zero given the uncertainty in the flux calculations of
–0.8±6.7 Mkg·s-1 (Table 4.3). Therefore, the mass or volume imbalance corresponds to the net gain
of freshwater at the ocean surface due to precipitation and runoff. According to our calculations,
-0.4±1.5 Sv exits southwestward across our section, a value fortuitously equal to estimates of the
total freshwater loss to maintain the strength of the meridional overturning circulation (Zaucker et
al., 1994). Of the 0.4 Sv, 0.18 Sv corresponds to the coastal runoff into the Arctic and the
northwestern European coast (Baumgartner and Reichel, 1975), and about 0.22 Sv corresponds to
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net precipitation over the Arctic and North Eastern North Atlantic confirming that precipitation
dominates over evaporation at high latitudes (Beránger et al., 1999; Schmitt et al., 1989). The
corresponding precipitation over the northeastern North Atlantic can be estimated from the SOC
climatology atlas to be 0.09 Sv as an annual mean. Therefore, the net precipitation over the Arctic
plus the sea-ice melting are about 0.13 Sv. The runoff into the Arctic is about 0.11 Sv
(Baumgartner and Reichel, 1975). In consequence, the Arctic freshwater gain can be calculated to
be 0.24 Sv. This estimation is similar to the direct estimate given by Aagaard and Carmack (1989)
of 0.20 Sv, the freshwater balance performed by Bauch et al. (1995) of 0.21-0.26 Sv, or that
calculated by oceanic budgeting given by Bacon (1997) of 0.17 ± 0.06 Sv.
Until now, we have been considering the area north of the 4x section to be closed, implicitly
assuming that the Bering Straits flow enters the North Atlantic through the Canadian Archipelago
and not across the 4x section. If instead we assume that the flow through the Bering Strait carries
26.7±3.3 Mkg·s-1 of salt (Coachman and Aagaard, 1989) out of the Pacific into the Arctic and then
into the northern Atlantic, to maintain salt conservation an equal amount of salt must be transported
southwards across the 4x section and through the Atlantic (Wijffels et al., 1992). In our case,
conserving mass across section, the volume flux (5) and the salt flux (6) can be written simply as:
w + TB + T4xN = 0          (4.5)
w · 0 + TB · SB + T’S’ +  T4xN · S = 0          (4.6)
where w is the precipitation plus runoff minus evaporation budget north of the section, TB is the
transport through the Bering Strait (0.8 Sv) at a salinity (SB) of 32.5, T4xN stands for the net or
barotropic transport across the section with a mean salinity (S) of 35.10. T’S’ corresponds to the
baroclinic and horizontal salinity transport for a zero net volume flux, equal to 13.12 Sv·psu. From
these equations we obtain a net freshwater input, w, of 0.32 Sv, similar to our previous estimate
given the uncertainties in the calculations. Thus, the barotropic transport of salt (T4xN · S) is –39.3
Sv·psu southwestwards, while the baroclinic and barotropic terms amount to 13.1 Sv·psu
northeastwards, so the net salt flow through the 4x section amounts to –26.2 Sv·psu (≅ -27.1·106
kg·s-1) southwestwards, not different given the errors from the quantity required by Wijffels et al.
(1992). Thus, including the Bering Straits flow across the 4x section adjusts the net P-E+R for the
region north of the 4x section from 0.4 Sv to 0.32 Sv.  The total freshwater flow across the section
would amount to -1.12·109 kg·s-1 southwestwards, which is the sum of the net freshwater input and
the Bering Strait contribution [(TB + w) · (1-S/1000)]·ρ. This value is higher than that given by
Wijffels et al. (1992), who integrated Baumgartner and Reichel’s (1975) compilation of the air-sea
freshwater exchange and runoff over the Atlantic from the reference transport through the Bering
Strait. The disagreement is probably due to a low estimation of the evaporation minus precipitation
by Baumgartner and Reichel (1975), because our value is similar to the freshwater fluxes given by
da Silva et al. (1996) or Beránger et al. (1999).
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4.4.3. Nutrients and oxygen.
Only a few studies have dealt with the nutrient (nitrate, phosphate, silicate) and oxygen
fluxes across oceanic sections (Brewer and Dyrssen, 1987; Ganachaud and Wunsch, 1998; Holfort
and Siedler, 2001; Rintoul and Wunsch, 1991; Robbins and Bryden, 1994; Schlitzer, 1988). With
the completion of the WOCE observational phase new estimates should be available soon. Based
on our circulation across the 4x section, the Subpolar North Atlantic exports nutrients and oxygen
southwards towards the Subtropical gyre (Table 4.3).
Nitrate and phosphate are exported southwestwards across the 4x section at -50±19 kmol·s-1
and -6±2 kmol·s-1, respectively. Likewise, oxygen is transported southwestwards at -1992±440
kmol·s-1. The silicate transport (-26±15 kmol·s-1) was imposed in order to constrain the circulation,
as explained previously. The principal contributors to these transports are the baroclinic and
horizontal circulations while the barotropic contributions are small (Table 4.3).  The main
mechanism contributing to the southwestward flux of nutrients is the baroclinic or overturning
circulation, whereas in the case of oxygen the principal contributor is the large-scale horizontal
circulation. The total net barotropic transport (barotropic plus Ekman plus bottom triangle
transports) contributes nitrate, phosphate, silicate and oxygen fluxes of only 11, 0, 22 and –277
kmol·s-1, respectively. The horizontal circulation drives a remarkable southwestward flux of
oxygen while the horizontal component for nitrate or phosphate is practically zero and for silicate
is northward helping to compensate for the high southward baroclinic silicate transport.
The baroclinic profiles of nitrate and phosphate (insets in Figure 4.5a and b) are related with
a slope of 14.3±0.02 (r2=0.989, p<0.001), close to the ∆N/∆P Redfield ratio of 16±1 (Anderson and
Sarmiento, 1994). The upper 1000 db presents much lower concentrations of nitrate and phosphate
(insets in Figure 4.5a and b) than the section mean, this layer is flowing northeastwards (Figure
4.3a), so the baroclinic transports are southwestwards (Figure 4.5a and b). The intermediate layer
indicates concentrations slightly above the section mean, which combined with the zonal transport
fluxes at this layer yield a small southwestward baroclinic flux for both nutrients. At deeper levels
where the concentrations are much higher than the mean, the southwestward transport is very small
making limited contribution to the northeastward baroclinic flux. Consequently, the overturning
circulation removes nitrate and phosphate from the region north of the 4x section mainly in the
upper 1000 db, but with a small contribution centred at 3000 db, because it transports nutrient-
depleted surface waters northeastwards and nutrient-rich intermediate waters southwestwards, both
contributing to the southwestward transports.
Regarding silicate, the baroclinic transport (Figure 4.5c) also presents similar southwestward
flux in the upper layer, but as well, a significant flux at intermediate levels partially compensated
by the deep and bottom northeastward flow. So the overturning circulation removes silicate from
the region north of our section within the upper 1000 db and in a layer centred at 3000 db.
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Figure 4.5.
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The baroclinic structure of the oxygen transport (Figure 4.5d) reveals a two-lobe distribution
centred at 700 db and 2000 db at the extremes of the mean oxygen profile (inset on Figure 4.5d):
the upper minimum just below the euphotic zone and the deeper maximum ascribed to LSW. Thus,
the upper waters flowing northeastwards are oxygen poor, compared with the section mean value,
whereas the intermediate waters flowing southwestwards are oxygen rich. Both contribute to the
export of oxygen from the Subpolar gyre.
The horizontal transports of nitrate and phosphate accumulated from the coast of Spain are
similar (Figure 4.5e and f) and the overall horizontal nutrient fluxes are practically zero (Table 4.3).
The main absolute contributors to the horizontal transport of these nutrients are the NAC and EGC.
The NAC is flowing northeastwards (Figure 4.3b) where nutrients mainly present positive
anomalies (higher concentrations), balanced by the EGC, which is flowing southwestwards also
coupled with positive nutrients’ anomalies.
Silicate is transported northeastwards due to the large scale gyre circulation (Table 4.3,
Figure 4.5g). In the eastern basin the flux is slightly southeastwards but it then accumulates
northeastwads along the rest of the section, especially in the NAC (Figure 4.5g). The highest
anomalies in the silicate distribution are at about 3000 db. Thus the main horizontal cell is driven
by deep high silicate waters flowing northeastwards east of the MAR returning southwestwards
with a lower silicate concentration west of the MAR.
The vertical distribution of the oxygen anomalies (O2’(x,z)) along the section is shown in
Figure 4.6, it reveals the strong horizontal contrast in the oxygen content for waters between 500
and 1000 db. On the eastern side of the section centred at 1000 db the low oxygen anomalies point
to the influence of the oxygen-depleted Mediterranean Water (Álvarez et al., 2001, Chapter 2),
whereas on the western end the influence of the high oxygen LSW is clearly discerned. The large-
scale gyre circulation explains 62% of the total oxygen transport towards the Subtropical gyre, with
the EGC being the main contributor (80%) to the total horizontal flow (Figure 4.5h). In this area,
oxygen rich waters (Figure 4.6) are flowing southwestwards (Figure 4.2b) and, thus exporting
oxygen from the Subpolar gyre.
Figure 4.5. Baroclinic (a to d) and horizontal (e to h) components of the nitrate (NO3), phosphate (PO4),
silicate (SiO4) and oxygen (O2) transports across the 4x section. The horizontal transport is
accumulated from zero at Vigo. The insets in figures a to d show the zonally averaged profiles of the
chemical properties along with the corresponding section mean values. The baroclinic profile of each
property is the deviation from the mean value as a function of depth. The upper axis in Figure 4.5e to
h shows station positions.
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Figure 4.6.  Vertical distribution of the oxygen anomalies (O2’(x,z) in µmol·kg-1) along the 4x section. The
upper axis shows station positions.
4.4.4. Area-averaged biogeochemical budgets.
To put the former fluxes into context we can examine the basin-scale biogeochemical
budgets for the regions north of the 4x section and for the box between the 4x and 36ºN sections
(Figure 4. 1). Initially, we formulate the following nitrate budget for the Atlantic ocean north of the
4x section assuming a steady-state:
0.NPOIΔt
ΔNO
3NO
3
=+−=                                     (4.7)
The inputs (I) minus the outputs (O) of nitrate must be balanced by the net production of nitrate due
to biological activity (NPNO3). The temporal scale of this assumption can be roughly calculated as
the flushing time of the ocean north of the section (total volume of the ocean north of the section
divided by the outwards volume flux across the section), estimated here as about 10 years.
Estimates provided by an atmospheric chemical model suggest an atmospheric deposition of nitrate
in open ocean and coastal waters north of the 4x section of about 2 kmol·s-1 and 2 kmol·s-1,
respectively (Prospero et al., 1996). According to Lipschultz and Owens (1996), nitrogen fixation
north of the 4x section can be neglected. The river supply of nitrate north of the section without the
Arctic contribution can be roughly estimated from the total input of nitrogen into the area, about 6
kmol·s-1 (Howarth et al., 1996) and from the percentage contribution of nitrate, about 26%
according to Wollast (1993). This represents about 1.6 kmol·s-1 of nitrate from river runoff.
However, in estuaries and shelves denitrification removes nitrate and Nixon et al. (1996) estimated
an output of nitrate due to this process of about 5.7 kmol·s-1 for the eastern boundary between 40º-
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70ºN. The Arctic also contributes about 9.5 kmol·s-1 (Anderson and Dryssen, 1981; Anderson et al.,
1983). Figure 4.7a shows a schematic representation of the nitrate budget north of the 4x section.
According to our circulation estimates -50±19 kmol·s-1 of nitrate is exported across the section.
Thus, this nitrate export must come from a net mineralization of organic nitrogen north of the 4x
section producing 40.6±14 kmol·s-1 of nitrate (see Appendix for the error assessment), indicating
that this region behaves as a net heterotrophic system, in agreement with the analysis by Schlüter et
al. (2000) for the northern North Atlantic between 60º-80ºN.
Figure 4.7.  (a) Nitrate (NO3) and (b) organic nitrogen (Norg) plus ammonium (NH4) budgets north of the 4x
section and within the box comprised between the 4x and the 36ºN sections. All numbers are in
kmol·s-1. Open horizontal arrows indicate river input, dark arrows indicate the fluxes across the
sections, open squared arrows for the Arctic contribution, dots for the atmospheric input, open vertical
arrows for sedimentation and crosses for the looses to the atmosphere. The NH4 contributions are
underlined. Processes over the shelves (sedimentation and atmospheric input) are presented as bold
numbers.
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Next we consider the budget of organic nitrogen (dissolved, suspended and sedimented) also
in steady state:
0.orgNPSedOIΔt
ΔNorg
=+−−=                                     (4.8)
where the inputs (I) minus the outputs (O) minus sedimentation (Sed) are balanced by biologically-
mediated consumption or production of organic nitrogen (NPorg). In this balance we must also
include the ammonium contribution as a reduced form of nitrogen. For inputs, atmospheric
deposition represents about 13 kmol·s-1 of organic nitrogen (Cornell et al., 1995) and 4.3 kmol·s-1
of ammonium (Duce et al., 1991). River runoff introduces 2 kmol·s-1 as ammonium and 2.4
kmol·s-1 as organic nitrogen, with a total nitrogen input (nitrate, ammonium and organic nitrogen)
equal to 6 kmol·s-1, as given by Howarth et al. (1996). The total mean contribution of nitrogen from
the Arctic is 47 kmol·s-1 (Michaels et al., 1996). Given that 9.5 kmol·s-1 come as nitrate and the
negligible ammonium contribution (about 0.03 kmol·s-1, Gordeev, 1996), most of the rest must be
organic nitrogen. Organic nitrogen sedimentation in the open ocean north of the 4x section is very
low, about 0.32 kmol·s-1 according to Michaels et al. (1996). Likewise, the sedimentation in the
shelves has been estimated to be 1.2 kmol·s-1 (Wollast, 1998). We assume that only 20% of the
organic nitrogen introduced by rivers is bioreactive (Wollast et al., 1993).  If no accumulation of
nitrogen is taking place in the ocean, the production of inorganic nitrogen must be balanced by the
consumption of labile organic nitrogen plus ammonium and vice versa, thus NPorg would be
roughly equal to –40.6±14 kmol·s-1. Thus, we end up estimating an import of organic nitrogen plus
ammonium from south of the 4x section roughly equal to 15±16 kmol·s-1 (Figure 4.7b).
The Subpolar gyre ventilates the Subtropical region with an oxygen export of -1992±440
kmol·s-1. The oxygen input from river runoff can be estimated assuming oxygen saturation and a
river temperature of 10ºC, corresponding to an oxygen concentration of 353 µmol·kg-1. The river
input into the ocean north of our section is 0.18 Sv, thus about 65 kmol·s-1 of oxygen are introduced
by rivers, quite a small quantity. A nitrate production of 40.6 kmol·s-1 translates into an oxygen
consumption of 431±149 kmol·s-1 using the ∆O2/∆N=-170/16 ratio of Anderson and Sarmiento
(1994) since most of the reduced nitrogen is organic nitrogen with a very small quantity of
ammonium. If no oxygen accumulation is taking place in the ocean north of the 4x section there
exists an air to sea flux of 2358±460 kmol·s-1, equal to 4.6 mol·m-2·y-1, in agreement with the range
of fluxes predicted by Najjar and Keeling (2000) based on oxygen, wind speed and heat flux
climatologies (Najjar and Keeling, 1997).
The air-sea thermally induced flux of oxygen is calculated according to Keeling et al. (1993):
where FTO2 is the thermally driven oxygen flux, Q is the air-sea heat flux and CP is the specific heat
               (4.9)[ ]
P
0
Sat2
TO2 C
Q · 
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capacity, taken to be constant at 3993 J·kg-1·K-1. The average variation of the oxygen saturation with
temperature between 0 and 20ºC is only 6 µmol·kg-1·K-1. From the heat transport across the 4x section
Q is taken to be 0.65±0.1 PW for the region north of the 4x section. Thus, this heat loss to the
atmosphere drives an oxygen thermal influx of 977±150 kmol·s-1. This quantity can be considered as
a lower limit, since cooling reduces the partial pressure of oxygen in water and mixing exposes
oxygen-poor underlying waters, and both effects are additive, enhancing the oxygen flux into the
ocean.
In summary, the Arctic-Subpolar region north of the 4x section behaves as a heterotrophic
system, where nitrate is produced as a consequence of a net organic matter remineralization. A
significant portion of this organic matter is imported from the temperate North Atlantic, south of
the 4x section. Oxygen must be taken up from the atmosphere to accomplish the net
remineralization. In addition, as a region of deep and mode water formation, the Arctic-Subpolar
region takes up oxygen from the atmosphere as a result of the thermally driven flux. Thus, in the
Arctic-Subpolar area both the solubility and biological pumps drive a remarkable oxygen uptake by
the ocean, with a likely greater contribution from the solubility pump.
For the region south of the 4x section we will now use the Rintoul and Wunsch (1991) and
Ganachaud and Wunsch (1998) transport results for the 36ºN zonal section in order to obtain
sensible nitrate, organic nitrogen and oxygen budgets between the 4x and 36ºN sections (Figure
4.1). Therefore, the following analysis will depend both on our analysisi of the 4x section reported
here and on the Rintoul and Wunsch’s (1981) and Ganachaud and Wunsch’s (1998) analysis of the
36ºN section. In this regard, Rintoul and Wunsch (1981) calculated a northward nitrate flux of
119±35 kmol·s-1 and a southward oxygen flux of -2940±180 kmol·s-1 from a regional inverse
model. Ganachaud and Wunsch (1998) using a global inverse model proposed a northward nitrate
and a southward oxygen flux of 120±50 kmol·s-1 and -3500±800 kmol·s-1, respectively. Combined
with the 4x results presented here, these figures suggest a nitrate convergence of about 170±71
kmol·s-1 and an oxygen divergence ranging from 948 to 1508 kmol·s-1.
Nitrate and organic nitrogen (plus ammonium) budgets for the box comprised within the 4x
and the 36ºN section were performed, using equations 4.7 and 4.8, and the same assumptions and
data sources as in the previous budgets (Figure 4.7). We estimate a net consumption of nitrate of
162±56 kmol·s-1 for the region between the sections, and a organic nitrogen export southwards
across 36ºN of -154±66 kmol·s-1.
The difference between our estimate for the heat flux across the 4x section and that from
Rintoul and Wunsch (1991) across 36ºN is 0.55±0.2 PW. Using equation 4.9 this heat loss to the
atmosphere implies an oxygen thermal influx of 826±300 kmol·s-1 within the region between both
sections, probably mainly captured within the Labrador Sea convection area. River runoff into the
region contributes 26 kmol·s-1 (estimated assuming oxygen saturation at a mean river temperature).
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The consumption of nitrate within the box implies an oxygen production of 1721±595 kmol·s-1
(∆O2/∆N=-170/16, Anderson and Sarmiento, 1994). Summing up, about 2350 kmol·s-1 of oxygen
are introduced within the box, exceeding the hydrographic oxygen divergence range (948-1508
kmol·s-1) and pointing to a net oxygen out-gassing of 799±799 kmol·s-1 toward the atmosphere in
this temperate area, in agreement with the results of Boyer et al. (1999).
Lacking any measurements of organic nitrogen either as dissolved or particulate, our
conclusions concerning the biogeochemical behaviour of the temperate North Atlantic between the
4x and the 36ºN sections as an organic nitrogen source remain speculative. However, indirect
evidence supports our hypotheses. High levels of primary production are reported for the area
(Antoine et al., 1996; Berger et al., 1989; Longhurst et al., 1995). This implies high concentrations
of organic matter, particulate or dissolved, as inferred by Bishop et al. (1989) using empirical
functions relating a well measured quantity (ocean temperature, nutrients or light) with organic
matter abundance. Moreover, given the low sedimentation rates of the area (Broecker and Peng,
1982; Jahnke, 1996; Lampitt and Antia, 1997) this organic matter is prone to be exported outwards
or recycled within the water column. If remineralised, there should be a transport of nitrate across
36ºN and/or the 4x sections, but neither the results of Rintoul and Wunsch (1991) nor ours suggest
so. Moreover, given that there is no accumulation of nitrogen in the area (steady-state assumption)
and only 1% of the organic matter produced reaches the deep-sea floor (Lampitt and Antia, 1997),
the organic nitrogen produced cannot be recycled within the area and must be exported, thus,
ascribed to the whole water column new production. In this sense, our 162 kmol·s-1 of produced
nitrogen can be translated into a new production rate of about 74 gC·m-2·y-1, using the Anderson
and Sarmiento (1994) ∆C/∆N ratio, representing 24% of the total primary production (303
gC·m-2·y-1) estimated by Longhurst et al. (1995) for the region between the sections. Unfortunately,
these numbers cannot be compared with the estimations given in the literature which are principally
defined for the euphotic zone (e.g. Berger 1989; Campbell and Aurup, 1992; Eppley and Peterson,
1979).
On the other hand, oxidation of the organic nitrogen exported southwards across 36ºN in its
transit to the Subtropical gyre could provide the necessary regenerated nitrate going northwards
across 36ºN (Rintoul and Wunsch, 1991; Ganachaud and Wunsch, 1998), and/or flowing
southwards across 24ºN according to Lavín (1999). Additionally, this oxidation would explain the
high OUR (Oxygen Utilization Rates) reported by Jenkins and Goldman (1985) in the subtropical
area south of 36ºN. Finally, this southward flux of organic nitrogen would also support the
hypothesis of a net lateral input of organic matter into the Subtropical gyre, in order to balance the
estimated nitrate budget on the basis of radon measurements performed by Sarmiento et al. (1990).
Moreover, our results also support one of the possible scenarios dealing with the transport of
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dissolved organic nitrogen in the North Atlantic proposed by Walsh et al. (1992) in which 170
kmol·s-1 flow southwards across 36ºN.
If the Bering Strait flow of -0.8 Sv (Roach et al., 1995) is added barotropically across the 4x
section flowing at the section mean value of each property, there would be additional southward
nitrate, phosphate, silicate and oxygen transports of –14, -1, -13 and –209 kmol·s-1, respectively.
Given the range of uncertainty of the fluxes (Table 4.3) these contributions are relatively low.
4.5. SUMMARY AND CONCLUDING REMARKS.
Hydrographic and chemical data from the WOCE A25 (4x cruise) allowed us to estimate the
transport of physical and chemical properties across the southern boundary of the Subpolar North
Atlantic ocean. The “initial guess” for the circulation is obtained by modifying the geostrophic
velocity field calculated for a fixed level of no motion with barotropic adjustments applied in
specific areas in order to reproduce the closest-to-reality estimate of the velocity field, and with a
final uniform velocity adjustment to conserve mass and salt, as we assume the north Atlantic ocean
north of the 4x section to be a closed basin. The ageostrophic wind-driven Ekman transport is
calculated taking into account the seasonal variations of the wind stress, taken from the SOC
climatology (Josey et al., 2001), and of the properties in the Ekman layer, taken from the World
Ocean Atlas 1998 data set.
Finally, over this “initial guess” an inverse method is implemented so as to force the silicate
flux to be in agreement with the input of silicate north of the section, about 26 kmol·s-1 according to
Tréguer et al. (1995). Thus the “best estimate” of the circulation is obtained. The main sources of
error affecting the mass and property transports are evaluated, revealing the significance of a
proper spatial coverage to resolve the eddy scale.
The calculated “best estimate” of the circulation across the 4x section is consistent with the
current knowledge about water mass transports in the Subpolar North Atlantic. The strength of the
Subpolar gyre is -25.4 Sv comprising the southward transport of Denmark Strait Overflow Water
(DSOW) within the East Greenland Current (EGC), which balances the northeastwards transport of
the North Atlantic Current (NAC) system of 27.7 Sv. Over the Iberian Abyssal Plain 2.6 Sv of
waters with σ2>36.98 kg·m-3 flow northwards, reflecting the 2 Sv of Antarctic Bottom Water
entering the eastern North Atlantic basin across the Vema fracture (Schmitz and McCartney, 1993).
With the aim of understanding the processes leading the transports of the physical and
chemical properties the geostrophic fluxes are decomposed into their barotropic, baroclinic and
horizontal components following Bryden et al. (1991). The overturning circulation across the
Subpolar gyre is evaluated as the integrated baroclinic flow of –16.5±3.6 Sv southwards between
1100 and 3200 db, which are compensated by a northward flow in the upper 1100 db of 14.8 Sv
and of 1.7 Sv below 3200 db.
The net heat flux across the section amounts to 0.65±0.1 PW poleward. The overturning cell
Chapter 4. Physical and Biogeochemical Transports.
113
contributes 54% of the heat loss to the atmosphere due to water mass formation north of the
section, with the remaining 45% ascribed to the horizontal circulation.
The combination of our results with those from Bacon (1997) and Rintoul and Wunsch
(1991) for a section from Ireland to Cape Farewell and the 36ºN zonal section, respectively, allows
us to make a direct estimate of the heat convergence between sections which reveals a great
discrepancy with the annual heat loss calculated from the SOC climatology, especially in the
eastern North Atlantic ocean.
As the salt transport across the section is practically negligible (-0.8±6.7 Mkg·s-1), the mass
imbalance, -0.4±1.5 Sv southwestwards, is equivalent to an excess of precipitation plus runoff over
evaporation over the North Atlantic ocean north of the 4x section.
According to our estimates the North Atlantic Subpolar gyre exports nutrients and oxygen
towards the temperate North Atlantic, at rates of -50±19, -6±2, -1992±440 kmol·s-1 for nitrate,
phosphate and oxygen, respectively. The main mechanism responsible for the nutrient fluxes is the
overturning circulation removing nutrients from the region north of the 4x section, as it transports
nutrient-poor surface water northeastwards and nutrient-rich deeper water southwestwards. In the
case of oxygen, the principal contributor is the horizontal circulation due to the strong oxygen
contrast in the 500 to 1000 db layer between the western and eastern ends of the section. High
oxygen Labrador Sea Water flows south in the west while low oxygen older waters, including
Mediterranean Water, flow north in the east.
Assuming that the nitrate budget is in steady state on time-scales of about 10 years, we
evaluate the sources and sinks of nitrate within the region between the Bering Strait and the 4x
section (Arctic-Subpolar region). Our findings point to a net heterotrophic system, producing
nitrate at 40.6±14 kmol·s-1 as a result of a net remineralization of organic matter, which is partially
imported from the temperate North Atlantic.
The poleward transport of nitrate across 36ºN (Ganachaud and Wunsch, 1998; Rintoul and
Wunsch, 1991) and its equatorward transport across the 4x section cause a convergence of nitrate
in the temperate North Atlantic ocean. A tentative nitrogen budget suggests that this region behaves
as a source of organic nitrogen, with a northward transport of organic nitrogen across the 4x section
of 15±16 kmol·s-1 and a southward transport across the 36ºN section of 154±66 kmol·s-1. While this
hypothesis will remain tentative until organic nitrogen measurements are done across the two
sections, it is supported by indirect evidence. The high levels of primary production (Antoine et al.,
1996; Berger et al., 1989; Longhurst et al., 1995) reported for the area between the sections imply
high concentrations of organic matter (Bishop et al., 1989). Given low sedimentation rates (Jahnke,
1996) the organic matter must be exported, since no outwards nitrate transport is obtained either
across the 4x or the 36ºN section. The oxidation of this southward-flowing organic nitrogen across
36ºN would also explain the high oxygen utilization rates reported for the Sargasso area (Jenkins
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and Goldman, 1985) and confirm one of the possible scenarios dealing with the transport of
dissolved organic nitrogen in the North Atlantic proposed by Walsh et al. (1992).
The circulation scheme and transport results obtained across the WOCE A25, 4x section are
consistent with both dynamical and biogeochemical principles. The computed fluxes of physical
and chemical species provide valuable information about the behaviour of the Subpolar North
Atlantic on long time-scales. This information could be useful to constrain global ocean circulation
models and helpful to predict future climate changes. We emphasize the importance of inferring
regional divergences/convergences of physical or chemical properties when combining results from
different transatlantic sections. We have provided a tentative composite view for the nitrogen and
oxygen budgets in the Subpolar and temperate North Atlantic Ocean.
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4.6. APPENDIX.
In this section we try to estimate the maximum error in the fluxes and budgets.
Error estimation on the fluxes.
The likely error sources are the precision of the measurements, their temporal variability, the
spatial resolution of the sampling and errors on estimating the Ekman layer transports. Moreover,
we must consider the sensitivity of our calculations to the imposed circulation on certain areas, the
CGFZ, the EGC and the IAP, as well as the silicate constraint. Another source of error arises from
considering the North Atlantic ocean north of our section as a closed basin, disregarding the flow
through the Bering Strait, so the impact of this assumption is assessed in the corresponding section
dealing with each property transport.
Measurements errors. Errors due to the uncertainty in pressure, salinity and temperature
determination can be considered negligible, not affecting the heat and freshwater transports
(Holfort and Siedler, 2001). Nitrate, phosphate, silicate and oxygen values have a maximum error
of ±0.1 µmol·kg-1, ±0.05 µmol·kg-1, ±0.1 µmol·kg-1and ±1 µmol·kg-1, respectively. These errors are
randomly distributed along the section and should be small compared to other errors, so we do not
take them into account.
Temporal variability errors. We are aware of the decadal and interannual changes in the
thermohaline characteristics of intermediate and deep waters within this oceanic area (e.g., Curry et
al., 1998; Dickson et al., 1996; Read and Gould, 1992). Some studies concerned the analyses of
repeated full-depth ocean-wide hydrographic sections in the northern North Atlantic (Bersch et al.,
1999; Kolterman et al., 1999; Read and Gould, 1992; Sy et al., 1997). Concretely, Kolterman et al.
(1999) examined the decadal variability of the mass, heat and freshwater transports across a section
comprising the latitude band between 43º-48ºN, and suggested significant changes in the strength
of the meridional overturning circulation, leading to decadal changes in the transport of heat and
freshwater. However, it was beyond the scope of this paper to study the long-term variability of the
transports across the 4x section, and we assume our data to be climatologically representative of the
mean oceanic state.
Spatial resolution error. The 4x section comprises 89 stations separated by distances ranging
from 5 km to a maximum of 55 km, which should be close enough to resolve the main eddy scale
in the northern North Atlantic (50-100 km). On the other hand, the effect of reducing the spatial
resolution was assessed by reducing to half the number of stations and calculating again the
transports approximating the circulation field as explained in the corresponding section,
constraining the salt flux to zero and the silicate transport to –26 kmol·s-1. Reducing the spatial
resolution to half increases the heat transport from 0.69 to 0.71 PW, leading also to an increase in
the southward nitrate, phosphate and oxygen transports of 18%, 5% and 6%, respectively.
Moreover, changes are produced in the circulation field. The mass transport in the IAP for waters
σ2>37 kg·m-3 increases from 2.2 to 2.6 Sv, in the EGC is reduced from -25.4 to -24.8 Sv and the
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transport in the CGFZ for waters σθ>27.8 kg·m-3 is reduced from -2.6 to -2.1 Sv.
It is possible to make some estimate of the error incurred due to eddy activity. If the total
eddy transport of each property has an error equal to the standard deviation (STD) of the eddy
transports between station pairs. This STD is modified by a normally distributed random number,
this modification is done about a hundred times to reflect the number of stations, and the STD of
the net eddy flux for the complete section is calculated. We evaluate the error due to eddy activity
as equal to this final STD. See Table A4.1 for the estimated eddy error contribution of each
property to the total flux error.
Ekman error. Uncertainties in the Ekman transport arise from the differences in wind stress
climatologies, the actual temporal variability in the wind stress and the Ekman layer depth. The
SOC wind stress climatology was used in this study as representative of the wind forcing during
WOCE (Josey et al., 2001). This climatology includes data from 1980 to 1993, and was calculated
using a drag coefficient confirmed by recent observational analyses. Compared with the Hellerman
and Rosenstein (1983) climatology in the North Atlantic Subpolar gyre, the SOC analyses doubles
the strength of the Ekman pumping. This difference is ascribed to the different sampling periods
and choice of drag coefficient (Josey et al., 2001).
The Ekman layer depth was chosen to be 75 db for the whole section and we think that the
error due to its variability is lower than that ascribed to the seasonal variation of wind stress and
properties in the Ekman layer. In this sense, seasonal means for wind stress were calculated and
then coupled with the mean seasonal values for each property in the upper 75 db taken from the
World Ocean Atlas 1998-NOAA. The Ekman transport calculated from the annual mean wind
stress is –1.36 Sv while the mean of the seasonal Ekman transports is –1.38 Sv. Likewise, the
Ekman heat flux decreases by 30% when considering the seasonal variation of temperature, but the
salt transport practically does not change. The nitrate, phosphate, silicate and oxygen Ekman
transports decrease in a 21%, 32%, 55% and 6%, respectively, when using the 4x values, mainly
because the surface concentrations of these chemical properties are biased to low summer values in
the upper layer of our section. The Ekman mass transport was allowed to vary ±10% in order to
calculate the uncertainty due to the Ekman transport (Table A4.1).
Circulation error. The sensitivity of the fluxes to changes in the circulation is assessed by
varying our imposed mass transports in the CGFZ, the EGC and the IAP. Thus, in the CGFZ the
mass flux for σθ>27.8 kg·m-3 was allowed to change within -2.4±0.5 Sv (Saunders, 1994); the mass
flux was varied by -25±5 Sv over the whole water column of the EGC (Bacon, 1997); and in the
IAP by 0±2 Sv for σ2>37 kg·m-3. Several sets of combinations were evaluated and adjusted for a
zero salt and –26 kmol·s-1 silicate transport across the section. The circulation error was calculated
as the minimum minus the maximum transport of each property among all the combinations
divided by two, thus, half of the range of the new transports. The circulation errors (Table A4.1)
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are considered to be due to changes in the main pattern of circulation across the 4x section and
mainly ascribed to alterations in the strength of the EGC (-25±5 Sv).
Inversion error. The sensitivity of the final fluxes to variations in the inverse model solution
was assessed adding to the three principal constraints (no change in the mass transport, salt
conservation and a silicate flux equal to –26 kmol·s-1) another three, constraining the mass flux
over the CGFZ, the IAP and east of Greenland to be –2.4 Sv, -25 Sv and 0 Sv, respectively. Thus,
there is a set of 5 equations to be solved with SVD. The number of eigenvalues used to calculate
the barotropic corrections, or matrix rank, expresses the importance of the set of equations over the
initial state. The higher the matrix rank the better fulfilment of the constraints but greater deviations
are introduced in the initial velocity field. A system with 5 equations has 5 possible solutions, and
therefore 5 sets of final fluxes can be calculated. The error due to the inverse model solution is
approximated as previously, with half of the range of the new calculated transports, disregarding
those obtained using just the first eigenvalue as it practically does not change the initial state. See
Table A4.1.
Within the inverse model error we must consider the effect of a wrong estimation of the
silicate river input or of the non-conservative nature due to biological activity. The silicate error is
assessed allowing a variation of ±15% around the -26 kmol·s-1 value, within the context of the
usual SVD we performed. The range divided by two of the new fluxes is considered to be the error
ascribed to the silicate flux. See Table A4.1.
Bottom triangles’ error. The velocity and properties’ distribution at the Bottom Triangles
(BT) can be approximated in different ways: some authors do not consider the flow across the BT
when the velocity field has been already designed to conserve mass (e.g., Lavín et al., 1998); others
assume that the velocity decreases linearly from the deepest common level to usually 1000 m
below or to the bottom (e.g., Holfort and Siedler, 2001).
In this work the velocity at the BT is approximated to be the same as the velocity at the
deepest common level of each pair of stations. Correspondingly, the BT properties are calculated as
a weighted-mean taking into account the number of 20 db layers below the maximum common
level:
where PropMean is the weighted mean of the property at the BT, MCL is the Maximum Common
Level, Prop is the property concentration below the MCL at the deepest station within each pair, nn
is the number of levels below the MCL and ii is the counter.
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For bottom triangles, we estimate the average property in the bottom triangle as a triangle-
weighted average of the property profile at the deeper station and we consider this estimate to have
a negligible error for the BT property. Since the BT transport can only be smaller than the
approximation considered here, we recalculated the circulation field in the same way but assuming
no transport in the BT. The difference between the two approximations is taken here as the error
due to the BT definition (Table A4.1). The small error due to BT variations is a result of the fact
that with and without BT transport the circulation pattern is constrained similarly and that the
section-averaged property is not very different from the BT property for most of the properties.
In general, we tried to assess the main sources of uncertainty in the estimated transports
across the 4x section, giving the maximum contribution from each source of uncertainty. The eddy
error arises as the main contributor in constraining the mass flux across the section. Uncertainty in
the Ekman transport mainly affects the salt transport with a minor effect elsewhere. The largest
uncertainties in the fluxes of heat, nitrate, phosphate and oxygen arise from alterations in the
circulation across the section while variations in the silicate constraint only slightly affect the final
fluxes other than for silicate.
Table A4.1.  “Best estimate” final transports (Final) across the 4x section and flux errors due to the eddy
resolution (Eddy), variations in the Ekman transport (Ekman), in the patterns of circulation across the section
(Circ.), due to the inverse model settings (Inv.), the silicate constraint (Silicate) and Bottom Triangles (BT).
Units are Sv (106 m3·s-1), PW (1015 W), Mkg·s-1 (106 kg·s-1) and kmol·s-1 (103 mol·s-1).
Final Eddy Ekman Circ. Inv. Silicate BT Total
Mass -Sv -0.40 1.25 0.14 0.02 0.04 0.01 0.02 1.48
Heat - PW  0.69 0.01 0.01 0.04 0.04 0.00 0.01 0.11
Salt – Mkg·s-1 -0.8 0.5 4.9 0.7 0.2 0.1 0.3 6.7
NO3 – kmol·s-1 -50 2 1 4 6 2 4 19
PO4 – kmol·s-1 -6 0 0 1 1 0 0 2
SiO4 – kmol·s-1 -26 2 1 0 0 12 0 15
O2 – kmol·s-1 -1992 31 38 152 180 24 15 440
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Error estimation on the budgets.
The budgets of nitrate, organic nitrogen and oxygen performed in this work assume steady
state on time-scales on the order of the flushing time for the considered region. A maximum error is
assigned to every known term of the balance (e.g., fluxes across sections, denitrification,
atmospheric inputs, sedimentation). For the fluxes, the error is taken from the bibliographic source
or directly from our estimations. A normally distributed random number multiplies these maximum
errors to be added to the initial values. Then, the inferred quantity is calculated. This procedure is
repeated a hundred times, finally the standard deviation (STD) of the resulting set of fluxes is
obtained. This STD corresponds to the error on the inferred variable from in the budget equation.
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RESUMEN.
Este capítulo se centra en la estimación de los transportes de carbono inorgánico total (Total
Inorganic Carbon, TIC), alcalinidad (Total Alkalinity, TA) y carbono antropogénico
(anthropogenic carbon , CANT) a través de la sección 4x en el Atlántico Norte Subpolar. Asimismo,
se realiza una estimación de los balances de carbono inorgánico en la región Ártica-Subpolar y en
la Templada del giro Subtropical del Atlántico Norte, combinando nuestros resultados con los de
Rosón et al. (2001) a través de la sección zonal a lo largo de 24.5ºN.
El patrón de circulación a través de la sección 4x se ajustó tal y como se describe en el
capítulo 4. A modo de resumen se puede decir que se constriñó el transporte de masa en áreas y niveles
específicos según datos sacados de la literatura. Por otro lado se planteó un modelo con el que se ajusta
el transporte de silicato de acuerdo con la tasa de entrada de este nutriente vía ríos al norte de la
sección, al mismo tiempo que se conservan los transportes de masa y sal.
Los campos de TA, TIC y CANT se combinaron con el de velocidades para obtener el
transporte neto de estas propiedades a través de la sección. Tanto el campo de velocidades como
los químicos se descompusieron en sus componentes barotrópicas, baroclínicas y horizontales con
el fin de dilucidar los mecanismos que controlan estos transportes. Por otro lado, se realiza una
evaluación del error máximo cometido en la estimación de los transportes.
El transporte de TA a través de la sección es prácticamente nulo -135±507 kmol·s-1 de
acuerdo con el igualmente casi nulo transporte de sal a través de la sección. El TIC se transporta
nominalmente a -1081±490 kmol·s-1 hacia el sudoeste (SouthWest, SW) pero, puesto que las
muestras de la sección se tomaron en verano, para simular los valores de la capa de mezcla
invernal, se homogeneizó la capa hasta 210 db con los valores de TIC a esa presión, de este modo
se obtuvo un transporte de –949 kmol·s-1, por lo tanto el transporte medio anual de TIC se estimó
en -1015±490 kmol·s-1.
El contenido en CANT se calculó utilizando el método de retrocálculo de Gruber et al. (1996)
con las mejoras explicadas en el Capítulo 3. Los primeros 130 db se homogeneizaron con los
valores de CANT a ese nivel para evitar sobreestimaciones de CANT debido a la probable actividad
biológica en esa capa. El transporte final de CANT a través de la sección 4x es de 116±125 kmol·s-1
hacia el nordeste (NorthEast, NE).
El transporte neto de masa a través de la sección es de –0.4±1.5 Sv que se debe como se
explica en el Capítulo 4 al balance positivo de agua dulce, es decir de la suma de la precipitación,
el aporte de los ríos menos la evaporación que tienen lugar al norte de la sección. Este transporte de
masa barotrópico hacia el SW lleva asociado el correspondiente transporte barotrópico de
propiedades químicas. En el caso de la TA este transporte barotrópico está equilibrado por la suma
de las componentes baroclínica y horizontal, mientras que en el caso del TIC el transporte
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barotrópico hacia el SW se complementa con el debido a la circulación baroclínica o circulación de
renovación (overturning circulation) dando lugar al transporte final, ya que la circulación de larga
escala, de giro u horizontal está prácticamente en equilibrio, i.e., es nula.
El mecanismo principal que explica el transporte neto de CANT hacia el NE a través de la
sección 4x es la circulación baroclínica o de renovación, la cual sobrepasa al transporte hacia el
SW tanto barotrópico como horizontal. La circulación baroclínica actúa como una bomba en la que
aguas por encima de los 1000 db enriquecidas en CANT (más alto que la media de la sección) fluyen
hacia el NE, mientras que aguas intermedias con un CANT más bajo que la media de la sección
fluyen hacia el SW. El nivel superior directamente transporta CANT hacia el giro Subpolar, mientras
que en el nivel intermedio aguas enriquecidas en CANT se quedan al norte de la sección, lo cual es
como un transporte indirecto de CANT hacia el norte.
La circulación de larga escala u horizontal tiene dos tributarios principales, la corriente del
Atlántico Norte (North Atlantic Current, NAC) y la del este de Groenlandia (East Greenland
Current, EGC). Ambas arrastran TIC y CANT hacia el giro Subtropical.
En este capítulo se plantean balances de TIC actual, pre-industrial y antropogénico en las
regiones Ártico-Subpolar, desde el estrecho de Bering hasta la sección 4x, y en la Templada, desde
la sección 4x hasta la 24.5ºN, usando los resultados de la sección 24.5ºN dados por Rosón et al.
(2001). En una primera aproximación, la divergencia/convergencia de TIC actual se equilibra con
el flujo en la interfase aire-agua y la acumulación de CANT en cada región. Hasta ahora la
introducción de otro tipo de términos (aportes de ríos, covergencias/ divergencias y sedimentación
de materia orgánica, sedimentación de carbonato cálcico) ha sido muy escasa, debido a la falta de
información sobre las divergencias/convergencias regionales de carbono orgánico así como de la
tasa de entrada de TIC por los ríos. Los balances que contienen estos últimos términos se
denominan extendidos, los más simplificados iniciales. El caso del balance del TIC pre-industrial
es muy similar al del TIC actual excepto que no contiene el término de acumulación de CANT. El
CO2 de origen antropogénico es una perturbación dentro del ciclo natural del carbono, con lo cual
se supone independiente de los procesos biológicos.
En este trabajo se ha calculado la acumulación regional de CANT asumiendo que éste es un
trazador conservativo que ha alcanzado un estado estacionario. Así, la acumulación de CANT se
puede calcular a partir de su profundidad de penetración media (Mean Penetration Depth, MPD)
multiplicada por su tasa de incremento en la capa de mezcla. Valores medios de la MPD se
calcularon en la zona Subpolar y Templada, diferenciando en esta última entre la cuenca este y
oeste. Con el fin de tener una amplia cobertura espacial para el cálculo de las MPDs medias se
utilizaron adicionalmente los datos de las campañas OacesNAtlII-93 y WOCE A20, junto con los
propios datos de la sección 4x. En el cálculo de la acumulación de CANT se utilizó una tasa media
de aumento del CANT en la capa de mezcla de 0.85 µmol·kg-1·y-1.
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Las convergencias/divergencias de carbono orgánico se calcularon indirectamente a partir de
balances de nitrato en las regiones antes definidas. Estos balances muestran que la zona Ártico-
Subpolar es netamente heterotrófica y la Templada está prácticamente en equilibrio. El aporte de TIC
de los ríos así como la sedimentación de carbonato cálcico se tomaron de datos bibliográficos.
  El balance actual de TIC confirma que el Atlántico Norte al norte de 24.5ºN se comporta
como un considerable sumidero de CO2 atmosférico, cuya magnitud decrece de 3553±977 kmol·s-1
a 2907±2018 kmol·s-1 en el caso del balance extendido. La mayor parte de este flujo de CO2 se
absorbe en la región Templada, un 63% inicialmente y un 71% en el caso extendido. Se puede
afirmar lo mismo en el caso del TIC pre-industrial, pasando de un sumidero inicial de 3060±1427
kmol·s-1 a 2439±1317 kmol·s-1 en el caso del balance extendido, con una distribución regional en %
similar a la situación actual.
El balance de CANT muestra como el Atlántico Norte al norte de 24.5ºN actúa como un
acumulador de carbono antropogénico, el cual se acumula con una tasa de 1123±150 kmol·s-1.
Únicamente un 44% se toma directamente de la atmósfera, el resto se transporta hacia la región en
la capa superior de la circulación de renovación o baroclínica. Al contrario de lo que se esperaba
gran parte de la captura de CANT atmosférico ocurre en la zona Templada no en la Ártico-Subpolar
donde se forman las masas de agua. El mecanismo que explica este hecho es simple: en la zona
ecuatorial afloran aguas viejas con un bajo contenido en CANT, en su recorrido hacia el norte estas
aguas se enfrían y se equilibran con el CO2 atmosférico capturando CANT. Así cuando llegan a la
zona de formación de agua profundas ya no pueden capturar mucho más CANT ya que vienen
prácticamente equilibradas. De esta manera, el CANT se captura y transporta en la capa superior de
la circulación de renovación, al llegar a la zona de formación de aguas profundas se hunde con
éstas y posteriormente se transporta a niveles profundos por la corriente profunda del borde oeste
(Deep Western Boundary Current, DWBC) y se acumula preferentemente en la zona Templada del
Atlántico Norte.
Los flujos aire-agua de CO2 actual tanto en el caso inicial como en el extendido discrepan de
las estimaciones dadas por modelos o por climatologías disponibles en la literatura. Nuestros
balances contienen un alto grado de incertidumbre, pero también hay que considerar los problemas
y grandes deficiencias de los modelos globales de carbono, en los que destaca especialmente el
modelado de la dinámica de masas de agua. Las climatologías también contienen un alto grado de
incertidumbre en sus resultados debido al método de interpolación y también a la parametrización
del coeficiente de transferencia de CO2 aire-agua.
Los transportes de TIC y CANT a través de secciones transoceánicas aportan una información
independiente y muy valiosa acerca de la distribución regional de la captura de CO2 atmosférico.
Particularmente, son potenciales constricciones y/o tests de los modelos de carbono, con objeto de
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mejorar su habilidad para reproducir y eventualmente predecir  captura de carbono antropogénico
por parte de los océanos.
ABSTRACT.
Transports of Total Inorganic Carbon (TIC), Total Alkalinity (TA) and Anthropogenic
Carbon (CANT) are calculated across a densely sampled World Ocean Circulation Experiment
(WOCE) section in the southern boundary of the Subpolar North Atlantic (WOCE A25, 4x cruise).
The circulation pattern was approximated using an inverse model constrained with measured mass
transports at specific sites, while conserving the mass and salt transports, and forcing the silicate
flux to the river input north of the section. The mass and chemical fluxes are decomposed into their
barotropic, baroclinic and horizontal components. The TA transport is negligible (transport ±
maximum error to be committed in the estimation, -135±507 kmol·s-1), while TIC is transported
southwards (-1015±490 kmol·s-1) and CANT northwards (116±125 kmol·s-1). Combining our results
with those from Rosón et al. (2001) across 24.5ºN (WOCE A5) we examine the contemporary and
pre-industrial TIC budgets in the Subpolar and Temperate North Atlantic based on two different
approximations. Initially, river input, divergences/convergences and sedimentation of organic
carbon, along with sedimentation of calcium carbonate are ignored. Secondly, extended
contemporary and pre-industrial TIC budgets are discussed including rough estimations of the
former processes, mainly based on literature available data. Our findings point to the North Atlantic
ocean north of 24.5ºN as a strong sink for atmospheric CO2, 2097±2018 kmol·s-1, even during pre-
industrial times, 2439±1317 kmol·s-1. Only a 17% of the contemporary CO2 air-sea uptake
corresponds to CANT, which is mainly uptaken in the Temperate North Atlantic (between the 4x and
24.5ºN sections). North of 24.5ºN the Atlantic ocean stores CANT at 1123±150 kmol·s-1. This CANT
is mainly advected into the area in the upper limb of the overturning circulation, a fraction of 44%
is directly introduced by air-sea uptake.
_____________________________________________________________________________
5.1. INTRODUCTION.
Before the beginning of the Industrial era the global CO2 cycle was in steady state, since
then, the burning of fossil fuels and changes in land use led to a rapid increase of atmospheric CO2.
About half of the anthropogenic CO2 emissions remain in the atmosphere, the rest is being stored in
the ocean and terrestrial biosphere. The carbon inventory changes within an environmental
reservoir relative to the inventory that existed during the pre-industrial era are defined as “Excess
CO2” or anthropogenic carbon (Wallace, 2001). The current estimate for the oceanic anthropogenic
CO2 sink proposed by the Intergovernmental Panel on Climate Change (IPCC) is 2.0±0.8 Pg C·yr-1
(Schimel et al., 1996). This quantity is mainly based on ocean models which are validated with
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bomb-derived 14C (Orr, 1993; Sarmiento et al., 1992; Siegenthaler and Sarmiento, 1993; Stocker et
al., 1994) or calibrated with other transient tracers as CFCs (Joos et al., 1991a, 1991b; Siegenthaler
and Joos, 1992). Atmospheric models with observational δO2/N constraints (Keeling and Shertz,
1992; Keeling et al., 1993, 1996) and mass balances based on the distribution of the 13C/12C isotope
anomaly (Broecker and Peng, 1993; Quay et al., 1992; Tans et al., 1993) also support the IPCC
estimate.
Direct estimation of the CO2 anthropogenic uptake by the oceans is no easy task, as the
anthropogenic signal in the ocean presents a very low signal-to-noise ratio (Wallace, 1995, 2001).
The recent CO2 climatology by Takahashi et al. (1999) directly estimated the total (anthropogenic
and natural signal) CO2 uptake by the oceans using direct CO2 measurements and an interpolation
method based on lateral 2-D advection-diffusion transport equations and the gas transfer coefficient
of Wanninkhof (1992), presenting high uncertainties in the final estimations.
Several methodologies were proposed to directly extract the anthropogenic CO2 from
oceanic total inorganic carbon measurements. Firstly, the method proposed by Brewer (1978) and
Chen and Millero (1979), the so-called “preformed-CO2” method or back-calculation technique,
corrects measured total inorganic carbon for changes due to organic matter decomposition
(ascribed to oxygen changes) and calcium carbonate dissolution (ascribed to alkalinity variations).
Based on this approach, an improved method was recently developed by Gruber et al. (1996) and
further modified by Pérez et al. (2001, Chapter 3). In the approximation by Gruber et al. (1996) the
air-sea CO2 disequilibrium when a water parcel loses contact with the atmosphere is introduced and
accounted for using either water ages from transient tracers or the distribution of biology-corrected
total inorganic carbon in uncontaminated regions. In a following paper Gruber (1998) applied the
latter method in the Atlantic Ocean, resolving water masses mixing on potential density surfaces.
Likewise, direct detection of temporal changes in the total inorganic carbon content is
another approach for estimating the uptake of anthropogenic CO2. Wallace (1995) proposed a
“time-series” multiparameter analysis: the distribution and magnitude of the residuals obtained
using the same predictive equation for a located area but over decadal intervals give insight about
the temporal variation of the anthropogenic CO2 inventory. Peng et al. (1998) and Ono et al.
(1998), relying on the high precision of the current total inorganic carbon determination, quantified
the anthropogenic CO2 inventory by direct comparison of measured total inorganic carbon at two
different times. Both methods assume no temporal variation in water masses and biological
processes rates. The most recent technique was proposed by Goyet et al. (1999) using a
multiparameter mixing analysis, taking into account water-source mixing, and avoiding any initial
assumption about oxygen or CO2 saturation.
Ocean carbon transport across transoceanic sections provides valuable information for the
global carbon cycle research as detailed explained in Wallace (2001). Reliable transports combined
with feasible estimates of anthropogenic carbon storage can be used to infer regional air-sea uptake
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of total, anthropogenic and pre-industrial CO2. Such independent results are to be compared with
the CO2 uptake provided either by climatologies or models. In this sense, regional distribution of
CO2 uptake, will help to validate and/or constrain general circulation models, and therefore predict
the future oceanic CO2 uptake and consequently global climate change. Hence, there has been an
international effort to collect high-quality CO2 measurements during the World Ocean Circulation
Experiment (WOCE) global CO2 survey program, as a major component of International Joint
Global Ocean Flux Study (JGOFS) [See Wallace (2001) for an overview].
The relevance of the northern North Atlantic ocean on the global climate system is widely
recognised as an area of deep-water formation. In this sense, cold deep waters can carry more
carbon than warm surface waters suggesting a net uptake and southward transport of CO2
associated with the North Atlantic branch of the global thermohaline circulation (Broecker and
Peng 1992; Keeling and Peng, 1995) even during pre-industrial times (Siegenthaler and Sarmiento,
1993). According to Wallace (1995) the assessment of the CO2 transport by the North Atlantic
meridional circulation has received a great attention after the controversial paper by Tans et al.
(1990) as a way to resolve, or at least constrain, the “missing sink” problem (Schindler, 1999).
Several studies have investigated the meridional transport of CO2 across the North Atlantic,
applying inverse methods to estimate the inorganic carbon flux (Brewer et al., 1989; Holfort et al.,
1998; Martel and Wunsch, 1993; Robbins, 1994; Rosón et al., 2001; Stoll et al., 1996). In this work
we will present an estimation of the transports of Total Inorganic Carbon (TIC), Total Alkalinity
(TA) and Anthropogenic Carbon (CANT) across a highly-sampled WOCE section in the southern
boundary of the Subpolar North Atlantic, along with a description of the main mechanisms
responsible for the transports. Additionally, regional budgets for contemporary, pre-industrial and
anthropogenic carbon will be presented combining our results with those across the 24.5ºN (WOCE
A5) section in the North Atlantic from Rosón et al. (2001).
5.2. DATA BASE.
As part of the WOCE program a section from Vigo (north western Iberian Peninsula) to
Cape Farewell (south Greenland) (WOCE A25 or 4x section) was occupied in summer 1997 during
RRS Discovery cruise 230 (Figure 5.1).
Continuous recording of temperature, salinity and pressure was obtained by a Conductivity-
Temperature-Depth (CTD) incorporated into a rosette sampler for 24 bottles. Subsamples for
salinity, nutrients, oxygen, CFCs and carbon were taken with 10 litre Niskin bottles. Here we will
briefly describe the methodologies employed for each variable analysis with more emphasis on the
carbon measurements. A more detailed description about sampling procedures, measurement
protocols and data quality control checks is given in Bacon (1998).
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Salinity samples were analysed on a Guildline 8400A salinometer calibrated with IAPSO
Standard Seawater. Nutrients were analysed on board using SOC Chemlab AAII type Auto-
Analyser coupled to a Digital-Analysis Microstream data capture and reduction system. Precision
for nitrate was evaluated in ±0.2 µmol·kg-1. Oxygen was determined by Winkler potentiometric
titration following the indications described in the WOCE Manual of Operations (Culberson,
1991). Oxygen precision was better than 1 µmol·kg-1.
Figure 5.1. Station locations from the 4x cruise (solid circles), WOCE A20 (diamonds), OacesNAtlII-93
(crosses), 36ºN (triangles) and 24.5ºN (stars) sections.
Seawater pH was measured using a double wavelength spectrophotometric procedure
(Clayton and Byrne, 1993). Absorbance measurements were made by a Beckman DU600
spectrophotometer. Temperature was controlled using a refrigerated circulating temperature bath at
25 ºC. Total alkalinity was determined by automatic potentiometric titration with HCl to a final pH of
4.44 (Pérez and Fraga, 1987). The electrode was standardised using an NBS buffer of pH 7.413 and
checked using an NBS buffer of 4.008. This method has a precision of 0.1% (Pérez and Fraga, 1987).
The accuracy of both pH and TA measurements was controlled by the use of Certified Reference
Material supplied by Andrew Dickson from the Scripps Institution of Oceanography, it was calculated
in ±0.002 and ±2 µmol·kg-1, respectively.
TIC was estimated from pH and TA data using the thermodynamic equations of the carbonate
system (Dickson, 1981) and the constants determined by Mehrbach et al. (1973) and Weiss (1974).
The total error in the TIC estimation taking into account the pH and TA errors, is ±3 µmol·kg-1,
calculated at the average values of pH, TA, salinity and temperature during the cruise.
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5.3. METHODS.
5.3.1. Determination of the transports and their components
The net transport of any property across the 4x section can be computed as:
where TProp is the transport of any property, calculated by integrating the product of the property
concentration (Prop), the velocity orthogonal to the section (ν) and the in-situ density (ρS,T,P) from
Vigo to Cape Farewell over the entire water column (that is, from the surface, 0, to the bottom
depth, –H). The triangular area remaining below the deepest common level at each pair of stations
is treated separately: the transport in the bottom triangles is calculated by multiplying the velocity
at deepest common level by the bottom triangle area and a weighted average of each property in the
bottom triangle.
The velocity field is assumed to be geostrophically balanced except for the wind-driven
Ekman layer. For calculating the geostrophic velocity with the thermal wind equation, CTD data
recorded every 2 db for temperature, salinity and pressure are smoothed to 20 db intervals for each
station. Chemical data obtained at bottle depths are linearly interpolated to 20 db intervals, so as to
match the physical fields. We make the assumption that the property distributions below the upper
100-200 db are uninfluenced by the seasonal cycle and represent long-term distributions in order to
obtain a climatological estimate of the transports from a single section. The upper Ekman layer will
be treated separately, and will be explained below.
 In order to understand the processes leading the transports, we have separated the geostrophic
fluxes into components as introduced by Roemmich and Wunsch (1985), Bryden et al. (1991),
Saunders and Thompson (1993) and Bryden (1993). The geostrophic transport of any property can be
broken up into 3 parts, a barotropic term due to the net transport across the section; a baroclinic term
due to the horizontally averaged vertical structure; and finally, a horizontal term due to the residual
flow after the barotropic and baroclinic components have been subtracted, which is associated with the
horizontal variations about the baroclinic profile. The barotropic transport is associated with the net
mass transport through the section, whereas the baroclinic and horizontal have no net mass flow. The
baroclinic and horizontal transports are respectively associated with the meridional overturning
circulation and the large-scale gyre circulation including smaller scale eddies. To quantify these
components, the orthogonal velocity, v, and each property, Prop, are separated into a section-averaged
value (< ν> and < Prop >, respectively), a baroclinic profile of zonally averaged values at each depth
(<v>(z) and <Prop>(z)), and the deviations from zonal averages (anomalies) for each pair of stations
and depth (v’(x,z) and Prop’(x,z)). Hence,
∫ ∫
−
⋅⋅⋅⋅=
Farewell
Vigo
0
H
PT,S,Prop dzdxPropρvT (5.1)
),(')( zxvzvvv +><+>=< ),('Prop)(PropPropProp zxz +><+>=< (5.2)
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The corresponding transports are calculated as:
1. Barotropic component:
2. Baroclinic component:
3. Horizontal component:
where L(z) is the width of the section at each depth and ∫L(z)dz is the area of the section. The
transports are given in kmol·s-1 (103 mol·s-1). Throughout we use the convention that positive fluxes
refer to northward transports orthogonal to the section.
The Ekman transport of any property is calculated as:
where τ is the cross-section wind stress component, f the Coriolis parameter and PropEk is the mean
value of each property in the Ekman layer, taken as 75 db. In order to obtain a climatological mean
of the circulation, we calculated the seasonal mean Ekman transport, and the corresponding annual
mean. Seasonal means for the east and northward wind components were obtained from the
Southampton Oceanography Centre (SOC) wind Climatology (Josey et al., 2001). Multiple linear
regressions were calculated for TA and TIC in the upper 200 db as a function of temperature,
salinity, oxygen and nutrients. Seasonal values for the former variables in the Ekman layer were
obtained from the NOAA Atlas 1998. Finally, seasonal values for TA and TIC were interpolated
based on the multiple linear regressions and the seasonal values from the NOAA-Atlas 1998.
Anthropogenic carbon values in the Ekman layer were taken from those at 130 db along the
section, as 130 db is below the seasonal thermocline. Pressures above 130 db were homogenised in
anthropogenic carbon, so as to avoid biases due to biological activity. Seasonal Ekman wind stress
values were coupled with the mean seasonal properties and then averaged seasonal transports to
obtain the annual average Ekman property transports.
The determination of the velocity field is thoroughly described in Álvarez et al. (2001a, Chapter
4), here we will just present an overview of the process. Initially the circulation pattern is
approximated in order to reproduce the closest-to-reality estimate of the velocity field. This is our
“initial guess” which is finally introduced into an inverse model with additional constraints so as to
obtain the “best estimate” of the circulation. Careful attention was paid in the definition of the “initial
guess” as the inverse model results will depend on it (Rintoul and Wunsch, 1991). The geostrophic
velocity was initially calculated referenced for a fixed Level of No Motion (LNM) equal to 3200 db
(Saunders, 1982). Then, the LNM was changed to σ2=36.94 kg·m-3 everywhere except for the Iberian
·dxProp··ρ
f
τT EKPT,S,EkProp ∫= (5.4)
∫><>< L(z)dz·Prop·v·ρ PT,S, (5.3a)
∫ ><>< (z)·L(z)dzProp(z)·v·ρ PT,S, (5.3b)
∫ z)·dz·dx(x,z)·Prop'(x,·v'ρ PT,S, (5.3c)
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Abyssal Plain. The resulting mass imbalance was uniformly distributed across the section to make
the net mass flux be zero. Based on direct observations and reliable estimations of the mass
transport at specific areas crossed by the section, we adjusted the mass flux at three locations: the
Iberian Abyssal Plain (IAP), the Charlie-Gibbs Fracture Zone (CGFZ) and the western boundary
region within 110 km of Greenland, in the East Greenland Current (EGC). Specifically, the mass
transport was adjusted to zero below about 2000 db in the IAP, to -2.4 Sv (1 Sv =106 m3·s-1)
southwards in the CGFZ for waters with σθ>27.8 kg·m-3 (Saunders, 1994) and to -25 Sv southwards
for the whole water column in the EGC (Bacon, 1997). We assume that the net flow between
Greenland and Europe is small (0±1 Sv) (See Álvarez et al., 2001a, Chapter 4), which is the same as
assuming the North Atlantic ocean north of the 4x section to be a closed basin. Therefore, salt
conservation instead of mass conservation is required, since the freshwater balance does not affect salt.
With the “initial guess” circulation pattern a high silicate flux (-105 kmol·s-1) was obtained.
Consequently, an inverse model was set to equal the silicate transport to the riverine input of silicate
north of the section [26 kmol·s-1, estimated from the recent review of the silica cycle by Tréguer et al.
(1995)], along with conserving salt and minimising the total net mass flux. Minor reference level
corrections were calculated with the inverse model, after their application over the “initial guess”
circulation the “best estimate” circulation is obtained. In the Appendix section is described the applied
methodology to estimate the main sources of uncertainty affecting the fluxes, giving a final value for
the maximum error to be committed on each transport estimation.
5.3.2. Estimation of CANT.
In this work we use the approximation for calculating CANT suggested by Pérez et al. (2001,
Chapter 3) based on an improved modification of the back-calculation technique proposed by
Brewer (1978) and Chen and Millero (1979), further modified by Gruber et al. (1996). In their
paper Pérez et al. (2001, Chapter 3) evidenced the inaccurate estimation of preformed alkalinity
(TA0) and TIC in equilibrium with the pre-industrial atmospheric CO2 (TICeqπ) proposed by Gruber
et al. (1996). A new parametrization for TA0 was suggested as a function of the Apparent Oxygen
Utilization (AOU) and the inorganic to organic carbon decomposition ratio. The influence of water
vapor partial pressure in calculating the pre-industrial level of CO2 atmospheric partial pressure and
the use of an appropriate set of dissociation constants, concretely those from Merhbach et al.
(1973), were evaluated in the estimation of TICeqπ. After applying these improvements over the
Gruber et al. (1996) methodology Pérez et al. (2001, Chapter 3) questioned the existence the high
disequilibrium term (∆TICdis) proposed by Gruber et al. (1996). Evidence from direct CO2 data
taken on formation areas suggests that ∆TICdis is negligible.
Thus, CANT is estimated as:
CANT = TIC – AOU/RC – 1/2·(TA– TA0 + AOU/RN ) – TICeqπ                                      (5.5)
Chapter 5. Transports and Budgets of Total Inorganic Carbon.
137
where AOU is calculated using the oxygen saturation equation from Benson and Krause
(UNESCO, 1986). We used RC=1.45±0.17 and RN=10.6±0.7 (Anderson and Sarmiento, 1994). TA0
is calculated as in Pérez et al. (2001, Chapter 3), TICeqπ is estimated from the time-independent
TA0 and the pre-industrial atmospheric CO2 level (Neftel et al., 1994).
The possible sources of uncertainty in the CANT calculation mainly arise from the uncertainty in
the stoichiometic ratios, the estimation of TA0 and TICeqπ, the sampling and measurement errors and
finally, the disregarded air-sea oxygen and carbon disequilibrium when the water is formed. Using a
Gaussian error propagation analysis for CANT  as in Gruber et al. (1996) or Sabine et al. (1999), the
random errors associated with the anthropogenic CO2 calculation are given by:
{σCANT}2 =  {σTIC}2 + {σ TICeqπ}2 +{-(O2-O2sat) · σRC }2 +{(-1/RC -0.5·1/RN) · σO2}2   + {(1/RC + 0.5 ·
1/RN) · σO2sat}2 + {0.5 · σTA}2 + {(- 0
eqTIC
TAδ
δ π  +0.5) · σTA0}2
 + {-0.5 · (O2-O2sat)· σRN}2 +{- (O2-O2sat)· σRC}2  + {σ∆TICdis}2                             (5.6)
where σTIC = 3 µmol·kg-1, σTICeqπ = 4 µmol·kg-1, σO2 = 1 µmol·kg-1, σO2sat=4 µmol·kg-1, σTA=2
µmol·kg-1 , σTA0=  3 µmol·kg-1, 0
eqTIC
TAδ
δ π = 0.852, σRC = 0.092, σRN = 0.0081, σ∆TICdis= 4 µmol·kg-1.
These quantities were taken from previous estimates by Gruber et al. (1996) and Anderson and
Sarmiento (1994), or directly from measured analytical errors. The error ascribed to the CO2
disequilibrium (σ∆TICdis) was obtained from Pérez et al. (2001, Chapter 3). The terms involving RC
and RN were evaluated separately because random errors can not be discerned from systematic
errors, both depend on the magnitude of AOU. A negligible error is ascribed to the RN term
(Gruber et al., 1996). Given the range of our AOU values the error ascribed to the RC term has a
mean value of 4 µmol·kg-1. Thus, the estimated error of CANT is 7.4 µmol·kg-1. Similar to the values
proposed by Gruber et al. (1996), Körtzinger et al. (1998) or Sabine et al. (1999). However, the
average CANT content for waters deeper than 4000 db is 5.2±4 µmol·kg-1, indicating that the
previous error estimate must express the maximum random variability, the averaging effect acting
on independent errors decreases the random errors considerably.
5.4. DISTRIBUTIONS, TRANSPORTS AND MECHANISMS.
As an overview, in this section we will firstly comment the vertical distribution of the chemical
properties along the 4x section. Next, a brief description of the three components in which they are
decomposed, barotropic, baroclinic and horizontal, in order to more clearly understand the
mechanisms controlling the final transport values.
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5.4.1. Chemical distributions and decomposition.
A thorough description of the water masses chemical characterization along the 4x section using
a mixing model is given in Álvarez et al. (2001b, Chapter 2). Briefly, the 4x section crosses a variety
of water masses: in the upper 500 db Eastern North Atlantic Central Water dominates east of the North
Atlantic Current (NAC). The NAC is clearly discerned as a steep TA gradient in the upper 1000 db
between stations 59 and 64, over the CGFZ (Figure 5.2a). As well in the eastern basin, at about 1000
db the Mediterranean Water (MW) signal is evidenced by its TA and TIC maximum (Figure 5.2a and
b). Labrador Sea Water (LSW) is situated below MW with a lower TA and TIC content, it extends
from the Labrador basin into the Irminger basin, thus the homogeneous TA and TIC content between
1000 and 2500 db in this former basin. Another branch of the LSW crosses the Mid-Atlantic Ridge
(MAR) entering the eastern basin, and detected as a highly ventilated water mass. The 4x section
crosses the path of the two Nordic overflows, the Denmark Strait Overflow Water (DSOW) and the
Iceland-Scotland Overflow Water (ISOW) (Álvarez et al., 2001b, Chapter 2). The DSOW influence is
mainly detected in the bottom of the western flank of the Irminger basin, it is characterized by a
temperature minimum with TA and TIC values lower than the LSW (Figure 5.2a and b). The ISOW
influence is detected as a salinity maximum mainly over the bottom of the CGFZ western flank, with a
relatively high TA and TIC values with respect to the overlying LSW.
The CANT isolines have a general upward tilt towards the east, as more recently formed waters
with a higher CANT content are found towards the western end of the section. In this sense, at the LSW
level, about 1500 db, a clear eastward decrease of CANT is revealed due to mixing with older water
masses but also due to the influence of LSW from older vintages. According to Cunningham and
Haine (1995) 20 years are needed for LSW to reach the eastern North Atlantic from the Labrador
basin. DSOW and ISOW influenced water, below 3000 db in the Irminger basin and CGFZ, present
CANT concentrations of 21±2 µmol·kg-1 and 18±2 µmol·kg-1 respectively, revealing its recent formation.
As described in the Methods section, the properties are decomposed into three components
(Figure 5.3 and 5.4). The section mean values are ascribed to the barotropic component, being 2325,
2163 and 26 µmol·kg-1 for TA, TIC and CANT, respectively. These values multiplied by the barotropic
mass transport yield the corresponding barotropic transport of the property across the section (Table
5.1). The area weighted vertical profile of each property is shown in Figure 5.3. Vertical deviations of
this profile from the section mean correspond to the baroclinic component of the properties, which
combined with the corresponding baroclinic mass transport yield the transport ascribed to the
overturning circulation.
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Figure 5.2.  Vertical distribution along the 4x section of (a) Total Alkalinity (TA), (b) Total Inorganic
Carbon (TIC) and (c) Anthropogenic Carbon (CANT), all properties in µmol·kg-1. The upper axis shows
station positions. Geographic areas are highlighted: MAR stands for Mid-Atlantic Ridge, CGFZ for
Charlie-Gibbs Fracture Zone and IAP for Iberian Abyssal Plain.
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Figure 5.3. Zonal average profile of (a) Total Alkalinity (TA), (b) Total Inorganic Carbon (TIC) and (c)
Anthropogenic Carbon (CANT), along with the corresponding section mean values, all properties in
µmol·kg-1. The baroclinic profile is the deviation from the mean as a function of depth.
The area weighted vertical profile of TA (Figure 5.3a) presents a maximum at 1000 db ascribed
to MW influence, and a minimum at about 1700 db related with LSW. TA increases downward with a
steep gradient between 3000 and 3500 db, below this depth the profile mainly reflects the
characteristics of the IAP deep waters as the rest of the 4x section is shallower.
The TIC profile (Figure 5.3b) also reflects the MW and LSW influence at 1000 and 1500 db,
with a relative maximum and minimum, respectively. The 4x section crosses an area of recently
formed water masses. Thus, is not surprising the significant CANT signal down to 3200 db (Figure
5.3c), in the same way as Körtzinger et al. (1998) on the North Atlantic western basin at about 46ºN.
Whereas at 24.5ºN, Rosón et al. (2001) found a significant anthropogenic CO2 content in the upper
1500 db as a mean. Below 3200 db (Figure 5.3c) a steep gradient separates the upper “contaminated”
waters from IAP deep waters with a negligible CANT.
The horizontal component of each property is calculated as the anomaly of the vertical
distribution of the property from its area weighted vertical profile. The anomalies show the horizontal
or along-section differences in the chemical distributions. For example, at 1000 db the TA anomalies
(Figure 5.4a) reveal the contrasting TA content between MW (high) and LSW (low) on the eastern and
western ends of the section, respectively. TIC anomalies (Figure 5.4b) also show the contrasting TIC
concentration at 1000 db. As well, at 3000 db deep waters on the western end have a lower TIC
content than those in the IAP. The CANT anomalies (Figure 5.4c) confirm the previous comments about
the CANT vertical distribution along the 4x section (Figure 5.2c), with higher CANT values westwards
especially at the LSW and overflows levels, about 1500 and 3000 db, respectively.
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Figure 5.4. Vertical distribution along the 4x section of the a) Total Alkalinity (TA), (b) Total Inorganic
Carbon (TIC) and (c) Anthropogenic Carbon (CANT) anomalies, all properties expressed in µmol·kg-1.
The upper axis shows station positions. Geographic areas are highlighted: MAR stands for Mid-
Atlantic Ridge, CGFZ for Charlie-Gibbs Fracture Zone and IAP for Iberian Abyssal Plain.
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5.4.2. Transports and their mechanisms.
The magnitudes of the decomposed and final mass, salt and chemical transports and
corresponding maximum errors (See Appendix) are given in Table 5.1. The mass and salt transports
across the 4x section are commented in Álvarez et al. (2001a, Chapter 4). As an overview, the final
mass transport is –0.4±1.5 Sv southwestwards (hereafter SW) with a negligible salt transport,
therefore, it corresponds to a net precipitation plus runoff over evaporation over the basin north of our
section.
The North Atlantic ocean north of the 4x section exports TIC southwestwards at a rate of
–1081 kmol·s-1. Yet, this value is biased as the section was sampled in summer. If the upper 210 db are
homogenised with the TIC at 210 db to simulate deep winter mixing, the TIC transport is reduced to
–949 kmol·s-1, thus the approximated annual mean for the TIC transport would be –1015±490 kmol·s-1.
However, in order to maintain the consistency of our exposition, we will concentrate on the results
from the real TIC data taken during the cruise. CANT is imported at 116±125 kmol·s-1 from the
southwest, whereas the TA transport, within the given range of uncertainty, is not significantly
different from zero, -135±507 kmol·s-1.
Table 5.1.  “Best estimate” transports across the 4x section and corresponding maximum errors. Units are Sv
(106 m3·s-1), Mkg·s-1 (106 kg·s-1) and kmol·s-1 (103 mol·s-1).
Barotropic Bottom Tr. Ekman Baroclinic Horizontal Final Error
Mass –Sv 5.26 -4.28 -1.38 0.00 0.00 -0.40 1.48
Salt – Mkg·s-1 191.3 -155.8 -49.9 5.8 7.8 -0.8 6.7
TA – kmol·s-1 12671 -10252 -3291 284 453 -135 507
TIC – kmol·s-1 11788 -9586 -2972 -315 4 -1081 490
CANT – kmol·s-1 141 -105 -67 352 -205 116 125
The baroclinic or overturning circulation drives a northeastward (hereafter NE) flow of 14.8 Sv
in the upper 1000 db (Figure 5.5a), mainly ascribed to the NAC system. Compensated by a SW flow
of -16.5 Sv at intermediate levels. Below 3200 db there is a NE flow of 1.7 Sv. The horizontally
integrated mass transport accumulated from zero at the east (Figure 5.5e) shows the two main
horizontal currents across the section, the NAC and the EGC, situated from 1700 to 2500 km and 110
km of Greenland, and transporting 28.4 Sv and -25.4 Sv, respectively (See Álvarez et al., 2001a;
Chapter 4).
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The horizontal transport is accumulated from zero at Vigo (right end). The upper axis in Figure
5.5e to h shows station positions. The vertical integrated baroclinic mass transport down to 1000
db is 14.8 Sv, -16.5 Sv from 1100 to 3200 db and below 3200 db 1.7 Sv. (1 Sv = 106 m3·s-1 and 1
kmol·s-1 = 103 mol·s-1).143
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The total barotropic transport across the section derives from the combination of the barotropic
component, the transport in the bottom triangles and that at the Ekman layer (Table 5.1). Due to this
net SW mass transport (–0.4 Sv), -872, -770 and –31 kmol·s-1 of TA, TIC and CANT are flowing SW,
respectively. The SW total barotropic TA transport is practically compensated by the NE baroclinic
and horizontal components, in accordance with the salt transport, as both variables TA and salinity
have a strong relationship. Regarding TIC, the overturning circulation drives a total SW flow of –315
kmol·s-1 (Table 5.1), with the main flow in the upper 1000 db (-378 kmol·s-1) (Figure 5.5c). In this
layer TIC-poor waters (Figure 5.3b) flow NE (Figure 5.5a), effectively removing or exporting TIC
from the North Atlantic ocean north of the 4x section. Whereas, below 1000 db the total baroclinic
TIC flow is 63 kmol·s-1 NE. The overturning TIC transport in the Subpolar gyre can be understood as a
vertical belt in which TIC-poor upper waters flow NE and return SW at deeper levels TIC enriched.
The enrichment mechanism is related with the solubility pump, while flowing NE the upper water
cools (Álvarez et al., 2001a, Chapter 4), gaining TIC as the CO2 solubility increases with decreasing
temperature. In contrast the horizontal circulation presents a small contribution to the final TIC
transport (Table 5.1). TIC-enriched waters are horizontally transported east of the MAR (about 2000
km from Vigo), this horizontal northeastward TIC transport is balanced by the northeastward flow of
TIC poor waters (Figure 5.5g). The TIC horizontal transport up to the MAR amounts to 104 kmol·s-1,
in the NAC the TIC transport is –91 kmol·s-1 and in the EGC –107 kmol·s-1.
The total barotropic CANT transport is –31 kmol·s-1, the horizontal cell contributes as well with a
SW transport of –205 kmol·s-1 (Table 5.1). Thus, the main mechanism responsible for the NE CANT
total transport across the 4x section is the overturning circulation, with 352 kmol·s-1. The baroclinic
CANT transport profile (Figure 5.5d) reveals a two-lobe structure, in which upper CANT-rich (relative to
the section mean) waters flow NE and deeper CANT-poor rich (relative to the section mean) waters
return SW (Figure 5.3c and 5.5a). Thus, the upper layer directly transports CANT NE and the lower one
leaves CANT north of the section, being equivalent to a NE transport of CANT across the 4x section.
  The CANT horizontal transport (Figure 5.5h) shows that the NAC and the transport in the
Irminger basin (1700-2500 km and north of 3000 km, respectively) mainly drive the SW CANT
horizontal transport, contributing with –108 and –31 kmol·s-1, respectively. In the NAC system the
CANT anomalies are mainly negative compared to the section mean profile (Figure 5.4c), but the mass
transport anomalies are positive, ending up with a NAC horizontally removing CANT from the North
Atlantic Subpolar gyre. In the Irminger basin the CANT anomalies are mainly positive and the water
flows SW, thus the horizontal export of CANT. In this case, the waters flowing NE east of the MAR
transport less CANT than those returning SW at the same depth level on the western side of the MAR,
ending up with a final SW CANT horizontal transport of –205 kmol·s-1.
Summing up, the net mass transport across the 4x section reflects the freshwater balance north
of the section. This barotropic net flux drives a SW transport of chemical properties. This transport, in
the case of TA, is compensated by the overturning and horizontal cells, ending up with a practically
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negligible TA flux across the section. In contrast, TIC is totally transported SW mainly due to the
barotropic mass flow but combined with a smaller contribution from the overturning cell. This cell acts
in the upper 1000 db as a removal pump of carbon north of the section, transporting TIC poor waters
NE. Surprisingly, the horizontal transport of TIC is practically balanced, the NE transport east of the
MAR is mainly compensated in the NAC and EGC. In the case of CANT, a final NE flow of 116
kmol·s-1 was calculated. The overturning cell pumps CANT NE, transported in the upper 1000 db, and as
an indirect consequence of leaving CANT-rich waters north of the section at intermediate levels.
Whereas, the horizontal cell drives a SW CANT transport concentrated in the NAC and the Irminger
Basin current systems.
If the total Bering Strait flow of -0.8 Sv (Roach et al., 1995) is added barotropically across the
4x section flowing at the section mean values for TA, TIC and CANT, there would be additional
southward transports of –1927, -1792 and –22 kmol·s-1 and the final values would be -2062, -2873 and
94 kmol·s-1, respectively.
5.5. INORGANIC CARBON BUDGET FOR THE NORTH ATLANTIC.
In this section we will examine the inorganic carbon budget for the Arctic-Subpolar (from the
Bering Strait to the 4x section) and the Temperate regions (between the 4x and the 24.5ºN section), see
Figure 5.1. This analysis is performed combining our results for the inorganic carbon transport with
those from Rosón et al. (2001) for the 24.5ºN zonal section.
As thoroughly discussed by Holfort et al. (1998) careful attention must be paid when combining
fluxes in order to avoid comparing unlike transport estimates. Rosón et al. (2001) and our study
followed similar approaches to define the mass transport, taking into account the net freshwater
balance north of the sections. Rosón et al. (2001), in contrast to this study, accounted for the Bering
Strait contribution to the mass and chemical transports. In this sense, for the sake of consistency and
considering that we will examine regional convergences or divergences, the Bering Strait contribution
will be ignored in the following budgets.
Regional budgets for contemporary TIC and CANT will be initially derived according to the
following equation:
F air-sea = – (Storage + TS + TN)            (5.7)
as proposed by Stoll et al. (1996) and Holfort et al. (1998), where F air-sea is the air-sea CO2 flux in the
region (positive into the region), TS and TN respectively refer to the net transport of carbon across the
southern and northern boundaries of the area (positive into the region). The storage term (always
negative) stands for the accumulation of anthropogenic CO2, that is the CO2 dissolved in the ocean as a
result of the total or partial equilibration of surface oceanic waters with the increasing atmospheric CO2
content. In this equation river input, production of organic carbon, its burial into the sediments and the
dissolution or burial of calcium carbonate in the sediments are being ignored, as supposed to be
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compensated one another (Holfort et al., 1998; Rosón et al., 2001; Sarmiento et al., 1995; Stoll et al.,
1996). The anthropogenic CO2 increase is treated as a perturbation from the pre-industrial steady state
and is not affecting the natural carbon cycle, being also independent of its biological and geological
aspects (Sarmiento et al., 1992). The inorganic carbon budgets performed in this work are referred
to the 1995s since the 4x and 24.5ºN sections were done in 1997 and 1992, respectively.
Subtraction of the CANT transport from the contemporary TIC transport gives an estimation of
the pre-industrial TIC (TICπ) transport assuming that the patterns of circulation have remained
constant. A similar budget for TICπ is performed, but the storage term is assumed to be zero as the pre-
industrial carbon cycle is supposed to have operated in steady state (Sarmiento et al., 1992).
5.5.1. CANT storage estimation.
As previously stated, the storage term indicates the magnitude of the anthropogenic inorganic
carbon accumulated in the ocean, i.e., the temporal increase of the CANT inventory. Thus it can be
mathematically defined as:
where t is time and ∫CANTz dz is the water column inventory of CANT. Its temporal evolution can be only
derived from TIC data covering a wide temporal range. The scarcity of quality TIC measurements
over an enough-long period of time prevents a reliable direct estimate of this rate. However, it can
be derived indirectly. The Mean Penetration Depth (MPD) of any tracer was defined by Broecker et
al. (1979) as:
where CANTz and CANTml are the CANT concentrations at any depth (z) and at the mixed layer (ml),
respectively. The MPD reflects the circulation pattern: in areas of deep-water formation or active
convection MPD is deeper, whilst in areas with high surface stratification the MPD is shallower.
The CANT inventory can be derived from equation 5.9 as:
whose temporal derivative is:
Assuming that CANT is a conservative tracer (not affected by biology) increasing
exponentially at the sea surface with an e-folding time of t years, it would reach its “transient
steady state” after 3·t years (Gammon et al., 1982). Giving that anthropogenic carbon has been
ml ANT
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MPD ∫=      (5.9)
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increasing since at least 1800 it should by now have achieved the transient state (Holfort et al.,
1998). Thus the shape and scale depth, i.e., the MPD, of the CANT vertical profile would be constant
with time (Broecker and Peng, 1982; Gammon et al., 1982). Therefore, the storage term can be
approximated as:
Therefore, the CANT storage can be directly calculated from the MPD derived from current
TIC observations and the temporal change of CANT in the mixed layer. Correspondingly, the
temporal increase of CANT in the mixed layer is approximated assuming a fully CO2 equilibrated
mixed layer keeping pace with the CO2 atmospheric increase (from 0.7 to 0.9 µmol·kg-1·y-1
depending on the initial temperature, salinity and alkalinity conditions). This approximation for the
storage term was used and corroborated by Holfort et al. (1998) in the South Atlantic ocean between
10ºS and 30ºS using WOCE data. Hoppema et al. (1998) found an anthropogenic TIC increase of 1.1
µmol·kg-1·y-1 in the Weddell Sea Deep Water in agreement with the theoretical increase of
atmospheric CO2 in the Southern Ocean. The anthropogenic CO2 uptake rates calculated by
Wanninkhof et al. (1999) from an isopycnal analysis in the North Atlantic ocean fairly agree with
those expected for an upper thermocline in equilibrium with the atmospheric CO2 (from 0.85 to 1.18
µmol·kg-1·y-1). A higher value is reported for the TIC increase in the mixed layer of the Bermuda
Atlantic Time-series Study (BATS) site, 1.7 µmol·kg-1·y-1 (Bates et al., 1996).
There are further evidences confirming the aforementioned approximation. The CANT MPD
along the 41.5ºN zonal section in the Eastern North Atlantic comprised within the 4x section (Figure
5.1) is 1360±149 m (Figure 5.6). This MPD multiplied by the theoretical CANT increasing rate in the
mixed layer of the area, 0.92 µmol·kg-1·y-1 (Ríos et al., 2001) gives an increasing CANT inventory of
1.28±0.14 mol·m-2·y-1. Given the uncertainties, in agreement with 0.95 mol·m-2·y-1 directly calculated
by Ríos et al. (2001) analysing a temporal data set covering from 1977 to 1997 in the Eastern North
Atlantic.
Our study areas, the Arctic-Subpolar and the Temperate regions present completely different
circulation patterns (Schmitz, 1996). Additionally, the lower limb of the conveyor belt, the Deep
Western Boundary Current (DWBC), flows in the western basin of the Temperate region. The
DWBC transports relatively recently formed waters at depth, thus the higher content of
anthropogenic carbon in the western than in the eastern basins of the North Atlantic (Gruber, 1998;
Körtzinger et al., 1998). In the following paragraphs we will explain how we assessed the CANT
storage within the former regions.
The Arctic ocean and the Greenland sea CANT storage is taken as 68.7 and 6.34 kmol·s-1 from
Anderson et al. (1998a) and Anderson et al. (2000), respectively. The Greenland sea inventory is
dt
dC
 · MPD
dt
dzCd
Storage ml ANT
 z ANT
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linearly extrapolated to the total GIN (Greenland, Iceland and Norwegian) seas area, being 67.4
kmol·s-1.
South of 60ºN the North Atlantic ocean down to 24.5ºN is subdivided in 5º width latitude
bands, seven in total. Within each band we distinguished between the western and the eastern basin
where a mean and standard deviation MPD is calculated for anthropogenic carbon. In order to
complete our picture of the CANT storage in the North Atlantic, two more data sets were included in
this analysis: the OacesNAtlII-93 (www.aoml.noaa.gov/ocd/oaces) section along 20ºW from 24ºN
to 60ºN and the WOCE A20 data (www.cdiac.esd.ornl.gov) along 52ºW from 24ºN to 42ºN. CANT
along these two lines was calculated as in Pérez et al. (2001, Chapter 3). The corresponding MPD
was calculated with equation 5.9 disregarding the upper 150 db in order to avoid biases in the CANT
content due to biological activity.
Figure 5.6. Mean Penetration Depth (MPD in meters) of anthropogenic carbon against latitude along the
OacesNAtl-93 (solid circles), WOCE A20 (diamonds) and 4x (open circles) sections. MPD is
calculated as in equation 5.9, from 150 m to the bottom.
The latitudinal variation of the MPD along these three lines is shown in Figure 5.6. There is
a remarkable increase of the MPD towards the north until about 40ºN in both the western (A20
line) and the eastern (Oaces line) basin. However, the MPDs in the western basin are
approximately a 68% deeper than in the eastern basin. From 40º to 50ºN the MPDs slightly
increase in the eastern basin. In the Irminger Sea (4x data from 55º to 60ºN, western basin) the
MPD reaches 2300 m as the 4x line crosses the deepest areas along the main overflows’ pathways
(Figure 5.1).
N orthw ard L atitude
253035404550556065
C
A
N
T M
P
D
 (
m
)
0
500
1000
1500
2000
2500
4x data
O acesN A tl-93  data
W O C E  A 20
Chapter 5. Transports and Budgets of Total Inorganic Carbon.
149
The former MPDs are multiplied by a mean CANT increasing rate in the mixed layer of 0.85
µmol·kg-1·y-1 in order to obtain the CANT inventory increasing rate (in mol·m-2·y-1) (Table 5.2). The
former rates when integrated over the oceanic surface area for each latitude band and basin yield
the corresponding CANT storage (Table 5.2). Finally, the former storage rates are proportionally
partitioned into the initial areas defined by the 4x and 24.5ºN hydrographic sections (Table 5.2).
The final CANT storage within the Arctic-Subpolar region is 288±50 kmol·s-1, and within the
Temperate region 835±100 kmol·s-1.
Table 5.2. Mean Penetration Depth (MPD in meters, according to equation 5.9) of anthropogenic carbon
(CANT, mean±standard deviation), CANT increasing rates (mol·m-2·y-1), areas and final CANT storage rates by
latitude band and basin. The storage rates for the Arctic ocean (*) and the GIN (Greenland-Iceland-
Norwegian) seas (+) are also shown. The final storage rates for the Arctic-Subpolar (north of the 4x section)
and Temperate (between the 4x and the 24.5ºN sections) regions are shown at the bottom.
 Latitude Band Basin MPD (m)
CANT
Increasing rate
(mol·m-2·y-1)
Area
(1012 m2)
Storage
rate
(kmol·s-1)
East 1070±137 0.93±0.12 2.4 72±9
24.5º-30N
West 1466±166 1.28±0.14 2.4 99±11
East 1277±168 1.11±0.15 1.4 49±7
30º-35ºN
West 1871±240 1.63±0.21 2.1 109±14
East 1473±187 1.28±0.16 1.2 50±6
35º-40ºN
West 2029±262 1.77±0.23 2.3 128±17
East 1410±168 1.23±0.15 1.0 40±5
40º-45ºN
West 2104±166 1.83±0.14 1.9 110±9
East 1520±168 1.32±0.15 0.8 35±4
45º-50ºN
West 1921±152 1.67±0.13 1.6 82±7
East 1462±321 1.27±0.28 1.3 53±12
50º-55ºN
West 1921±152 1.67±0.13 1.3 70±6
East 1302±432 1.13±0.38 1.2 42±14
55º-60ºN
West 1739±381 1.51±0.33 1.0 48±11
67.4+
68.7*Arctic-
Subpolar
152±50
288±50
Final Storage
rate (kmol·s-1)
Temperate 835±100
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5.5.2. Initial budgets.
Figure 5.7 shows a schematic summary of the regional budgets for contemporary TIC, CANT
and TICπ. As commented previously, the North Atlantic ocean is treated as a closed basin, so the
Bering Strait contribution is ignored in these estimations. The contemporary TIC transport across
the 4x section indicates a divergence of inorganic carbon in the Arctic-Subpolar region balanced by
an air to sea flux of 1303±445 kmol·s-1 (inferred flux ± maximum error to be committed, see
Appendix for the error assessment) and the storage of CANT, 288±50 kmol·s-1. Likewise, in the
Temperate region the inorganic carbon divergence is balanced by a significantly high air to sea flux
(2250±532 kmol·s-1) and CANT storage (835±100 kmol·s-1) (Figure 5.7a). Looking separately at the
CANT fluxes, the northward flow of CANT across both sections combined with the storage rates leads
to an uptake of CANT across the air-sea interface of 172±111 kmol·s-1 in the northern area and a
higher influx of 321±258 kmol·s-1 in the Temperate region (Figure 5.7b). Regarding the pre-
industrial fluxes, the TICπ divergence in the Arctic-Subpolar and Temperate regions is
compensated by the corresponding influxes of CO2 from the atmosphere (Figure 5.7c).
Our contemporary air-sea fluxes (1303 and 2250 kmol·s-1 for the northern and southern regions,
respectively) can be compared with independent estimates derived from surface partial pressure CO2
(pCO2) data by Takahashi et al. (1999). These authors report a net annual air-sea flux referred to 1995
of 1322 and 847 kmol·s-1 for the 80ºN-4x and Temperate regions, respectively. The uncertainty of
these estimates could be as high as 75% (Holfort et al., 1998; Takahashi et al., 1995; 1999). The lack
of pCO2 data for the Arctic precluded them to obtain a reliable estimate of the CO2 air-sea flux in this
area. Anderson et al. (1998b) estimated an air-sea uptake of 64±26 kmol·s-1 in the Arctic in agreement
with the results of Lundberg and Haugan (1996). Thus the total air-sea flux in the Arctic-Subpolar
region would be 1386 kmol·s-1. Our air-sea fluxes are in reasonable agreement with the independent
estimates based on the work of Takahashi et al. (1999) and Anderson et al. (1998b) in the northern
area. However, the discrepancy is obvious in the southern region, our air-sea flux seems too high.
What if including rough estimates of the regional organic carbon divergence/convergence as well as
the river runoff contribution of TIC and, its burial in the sediments as organic matter or carbonate, as
proposed in the recent review chapters by Doney et al. (2000) and Wallace et al. (2001) or recent
papers dealing with TIC transports (Holfort et al., 1998; Stoll et al., 1996)?.
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     a) Contemporary TIC.
     b) CANT.
     c) TICπ.
1303±445 2250±532
1015±480 2430±200
-288±50 -835±100
Bering St. 4x 24.5ºN
4x
172±111 321±258
116±104 630±200
-288±50 -835±100
24.5ºNBering St.
4x
1131±726 1929±701
1131±584 3060±400
24.5ºNBering St.Figure 5.7. Schematic summary of the regional inorganic carbon budgets in the North Atlantic. The Arctic-
Subpolar region comprises the area within the Bering Strait and the 4x section and the Temperate
region the area within the 4x and the 24.5ºN sections. Transports across sections and air-sea fluxes
are indicated by arrows, the anthropogenic storage term as plain negative numbers. The transports
and storage rates are in kmol·s-1 (1GtC·y-1 = 2642 kmol·s-1). Budgets for (a) the contemporary Total
Inorganic Carbon (TIC), (b) Anthropogenic Carbon (CANT) and (c) pre-industrial Total Inorganic
Carbon (TICπ). The calculated term is shown in bold. The Bering Strait contribution in the
transports across sections has been ignored for consistency.151
Chapter 5. Transports and Budgets of Total Inorganic Carbon.
152
5.5.3. Extended budgets.
The lack of dissolved or particulate organic matter measurements along any of the 4x or 24.5ºN
sections avoids any direct assessment of the likely organic matter divergence/convergence in the study
regions. Transport estimates for nitrate and oxygen across both sections are available in the literature
(Álvarez et al., 2001a, Chapter 4; Lavín, 1999, respectively). Hence, an indirect approach would be
using nitrate budgets to derive the regional net community production. The nitrate and oxygen budgets
north of 36ºN were presented and discussed in Álvarez et al. (2001a, Chapter 4). Consequently, we
will complete the former results with a tentative nitrate and oxygen budget for the area comprised
within the 36ºN and 24.5ºN sections. Then, we will proceed to give insights and discuss the extended
contemporary and pre-industrial TIC budgets north of 24.5ºN.
5.5.3.1. Nitrate and oxygen budgets.
The nitrate budget for the Arctic-Subpolar region points to a net production of nitrate in this area
of about 40.6±14 kmol·s-1 (Álvarez et al., 2001a, Chapter 4, and Figure 5.8a). This nitrate production
translates into a net oxygen consumption of -431±149 kmol·s-1 using the Redfield ratio by Anderson
and Sarmiento (1994). A similar budget was performed for the area comprised within the 4x and the
36ºN zonal sections. In this case, a nitrate consumption of –162±56 kmol·s-1 (oxygen production of
1721±595 kmol·s-1) was estimated accounting for a southward organic nitrogen export of –154±66
kmol·s-1 (See Álvarez et al., 2001a, Chapter 4).
The regional budget for nitrate within the 36ºN and 24.5ºN sections (Figure 5.8a) will be
calculated using the nitrate transport estimates across both zonal sections from Rintoul and Wunsch
(1991) and Lavín (1999), 120±35 and –71±120 kmol·s-1, respectively (no contribution from the Bering
Strait). In the same way as north of 36ºN in Álvarez et al. (2001a, Chapter 4), the nitrate budget
between 36ºN and 24.5ºN is assumed to be in steady state:
0NPOIΔt
ΔNO
3NO
3
=+−=         (5.12)
The inputs (I) minus the outputs (O) of nitrate must be balanced by the net production of nitrate due
to biological activity (NPNO3). The atmospheric deposition of nitrate in the open ocean of the region
according to Prospero et al. (1996) is about 2 kmol·s-1, with a negligible deposition over the coastal
ocean, about 0.24 kmol·s-1. Howarth et al. (1996) estimated the total nitrogen input due to river runoff
into the coastal areas comprised between 36ºN and 24.5ºN in 1.4 kmol·s-1. Assuming a 26%
contribution of nitrate (Wollast, 1993) yields a riverine nitrate input of 0.4 kmol·s-1. The estimated
desnitrification in the region is about 3.1 kmol·s-1 according to Nixon et al. (1996). The nitrate flow out
of the Mediterranean sea amounts to 3.3 kmol·s-1 (Sarmiento et al., 1988). The atmospheric fixation of
nitrogen is estimated as 11 kmol·s-1 for the region (Lipschultz and Owens, 1996). Thus, there is a net
production of nitrate in the region of 177±131 kmol·s-1, equivalent to an oxygen consumption of
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–1881±1369 kmol·s-1 using the corresponding Redfield ratios by Anderson and Sarmiento (1994)
(Figure 5.8a and b).
   a) Nitrate.
   b) Oxygen.
Figure 5.8.  Schematic summary of the regional North Atlantic (a) nitrate and (b) oxygen budgets. The
regions are comprised within the Bering Strait and the 4x section, the 4x and the 36ºN sections and the
36ºN and 24.5ºN sections. Units are in kmol·s-1. Transports across sections and air-sea fluxes are
indicated by arrows, the river input by point-ended arrows and changes due to net primary production
as plain numbers, a minus (plus) stands for consumption (production) of the property within each
defined box. The calculated term is shown in bold. The Bering Strait contribution in the transports
across sections has been ignored for consistency.
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As schematically represented in Figure 5.8a, the 36ºN-24.5ºN region acts as a net source of
nitrate, mainly resulting from the decomposition of organic matter imported from the north as
concluded by Álvarez et al. (2001a, Chapter 4), Rintoul and Wunsch (1991) and Walsh et al. (1992).
These findings need confirmation from actual estimates of organic matter transports but are supported
by indirect evidence of a high nitrate remineralization (Sarmiento et al., 1990) and oxygen
consumption (Jenkins and Goldman, 1985) within the region. Concretely, Sarmiento et al. (1990)
obtained a nitrate remineralization rate equal to 0.93±0.11 mol·m-2·y-1 within the thermocline layer of
this region based on radon measurements. The difference between the former value and the total whole
column remineralization rate here obtained (0.55±0.4 mol·m-2·y-1 for an area of about 10.2·1012 m2)
yields a net import of nitrate into the upper layer of about 0.38 mol·m-2·y-1, which is ascribed to new
production.  Despite the great uncertainties involved, this number is consistent with earlier estimates of
0.6±0.2 mol·m-2·y-1 by Jenkins (1988), the particle flux at 100 m of 0.33 mol·m-2·y-1 by Altabet (1989)
and the estimation of 0.42±0.24 mol·m-2·y-1 by Sarmiento et al. (1990).
Oxygen transport estimates across the 4x, 36ºN and 24.5ºN are given in Figure 5.8b according
to Álvarez et al. (2001a, Chapter 4), Rintoul and Wunsch (1991) and Lavín (1999), respectively. The
river input of oxygen was estimated as 65 kmol·s-1 north of the 4x section (See Álvarez et al., 2001a,
Chapter 4) and 35 kmol·s-1 within the 4x-24.5ºN region. These numbers were derived assuming
oxygen saturation in the estimation of the river runoff from Baumgartner and Reichel (1975).
The northward heat transport across the 4x, 36ºN and 24.5 ºN sections are 0.65±0.1 PW (1
PW=1015 W), 1.2±0.3 PW and 1.47±0.4 PW (Álvarez et al., 2001a, Chapter 4; Rintoul and Wunsch,
1991 and Lavín et al., 1998), respectively. In this sense, the air-sea thermal induced flux of oxygen is
calculated according to Keeling et al. (1993) (the sign criteria are positive into the ocean):
where FTO2 is the thermal-driven oxygen flux, Q is the air-sea heat flux, CP is the specific heat capacity,
taken to be constant at 3993 J·kg-1·K-1. The average variation of the oxygen saturation with temperature
between 0 and 20ºC is 6 µmol·kg-1·K-1. Thus, the heat loss to the atmosphere north of the 4x section
drives an oxygen thermal influx of about 977 kmol·s-1, between 4x and 36ºN about 826 kmol·s-1 and
between 36ºN and 24.5ºN about 406 kmol·s-1. These influx quantities are lower limits as cooling
increases dissolution thus, reducing the partial pressure of oxygen. As well, mixing exposes oxygen
poor waters beneath. Both effects dissolution and mixing are additive, contributing to enhance the
oxygen uptake.
The oxygen budget north of the 36ºN section is discussed in Álvarez et al. (2001a, Chapter 4).
Briefly, the Arctic-Subpolar region acts as a strong sink for atmospheric oxygen (2358±460 kmol·s-1,
Figure 5.8b), both the biological and the solubility pumps act on the same direction, uptaking oxygen
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from the atmosphere. However, the significance of the solubility pump in this northern area of the
ocean should be highlighted (about 82% of the total air-sea oxygen flux) due to deep-water formation
and the convective activity bringing oxygen-depleted waters towards the surface. In the Temperate
region, between the 4x and the 36ºN sections the thermal and biological pumps act on opposite
directions, as the heat loss induces a minimum influx of 826 kmol·s-1 and the biological-mediated
oxygen production amounts to 1721±595 kmol·s-1. In consequence, the final sea to air oxygen flux
within the area (-799±799 kmol·s-1) is driven by the biological pump. In this sense, the air to sea
oxygen flux within the Subtropical region between 36ºN and 24.5ºN (1507±1369 kmol·s-1) is also
mainly biologically controlled, but in this case, the seaward influx of oxygen results from the high
oxygen consumption.
The inferred air-sea oxygen fluxes are subject to a high degree of uncertainty as they accumulate
the errors from the estimation of fluxes across the sections, river input and overall, the estimation of
the net primary production. Najjar and Keeling (2000) derived an annual cycle for oxygen based on
oxygen, wind speed and heat flux climatologies (Najjar and Keeling, 1997). Our air-sea oxygen flux,
4.6 mol·m-2·y-1 (note that positive value indicate air to sea fluxes) in the Arctic-Subpolar region agree
with the estimates by Najjar and Keeling (2000), with the greatest oxygen uptake at northern latitudes,
and an annual mean of 2 to 6 mol·m-2·y-1. However, in the Temperate and Subtropical regions we
obtained contrasting results. According to Najjar and Keeling (2000) the Temperate acts as a sink and
the Subtropical as a source of oxygen, about 2 mol·m-2·y-1 and -1 mol·m-2·y-1, respectively, in contrast
to our -2.5 mol·m-2·y-1 and 4.6 mol·m-2·y-1. The discrepancy with the Najjar and Keeling (2000) results
is also reflected in their estimation of the meridional oxygen transport, being too low compared to
estimates from hydrographic sections including ours. In this sense, as also pointed out by the authors,
the seasonal variation of the air-sea fluxes would be biased towards summertime values due to the
paucity of wintertime measurements. Therefore, the annual mean oxygen uptake will be
underestimated.
5.5.3.2. Extended contemporary TIC and pre-industrial TIC budgets.
The recent paper by Aumont et al. (2001) evaluates the impact of river carbon discharge on the
interhemispheric carbon transport. According to these authors, the river carbon loop resolves the
discrepancy between model-based and data-based estimates of the ocean interhemispheric transport of
carbon. Most of the total carbon discharge (85%) is located in the northern hemisphere, concretely a
56% is released in the Arctic and North Atlantic ocean with a higher inorganic to organic carbon ratio.
The river input of TIC into the Arctic was estimated by Anderson et al. (1998b) as 90 kmol·s-1.
The total riverine input is around 1085±77 kmol·s-1 (Berner and Berner, 1987; Drever et al., 1988;
Meybeck, 1987) and the total river runoff into the ocean is 1.195 Sv, 0.085 Sv into the area between
the Arctic (not included) and the 4x section, and 0.10 Sv between the 4x and the 24.5ºN sections
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(Baumgartner and Reichel, 1975). Assuming a homogenous riverine TIC input, 77 and 91 kmol·s-1 are
introduced in the Subpolar and the Temperate regions, respectively.
The carbonate production and accumulation in the oceans was estimated by Milliman (1993).
Since most of the Atlantic basin lies above the calcite lysocline the carbonate accumulation in this
ocean accounts for more than 40% of the global deep-sea total carbonate accumulation. Milliman
(1993) directly gives an estimation of the carbonate precipitation in the Arctic ocean, 14 kmol·s-1. A
rough assessment of the carbonate precipitation in the other study regions can be estimated from his
Table 3. South of the Arctic and north of the 4x section the accumulation amounts to 11 kmol·s-1, and
within the 4x and the 24.5ºN about 19 kmol·s-1.
The net remineralization in the Arctic-Subpolar region translates into a TIC production of
297±102 kmol·s-1 using the Redfield ratio by Anderson and Sarmiento (1994). Whereas within the 4x
and 36ºN sections TIC is consumed at –1184±500 kmol·s-1 and in the oligotrophic 36ºN-24.5ºN region
TIC is produced at 1294±958 kmol·s-1, thus the net production of TIC within the Temperate region is
110±1458 kmol·s-1, a very low number with a high degree of uncertainty due to error accumulations.
Biologically driven fluxes of TIC and oxygen have opposite signs, whereas thermal processes
act on the same direction. Watson et al. (1995) have estimated the maximum air-sea CO2 flux driven
by the heat loss in the North Atlantic ocean in 0.75 GtC·y-1 or 1982 kmol·s-1 for each PW. Given the
heat divergences previously commented, in the Arctic-Subpolar region the thermal-driven influx of
CO2 would be 1288±595 kmol·s-1 and in the Temperate region a total of about 1625±595 kmol·s-1.
Including coarse estimations of the river input, calcite sedimentation and biological processes
remarkably changes the contemporary TIC budget (from Figure 5.7a to 5.9a). The CO2 air-sea flux
within the Arctic-Subpolar region is considerable reduced from 1303±445 to 839±449 kmol·s-1, mainly
as a consequence of the net heterotrophic behaviour of the area. Whereas, the CO2 air-sea flux in the
Temperate area is slightly reduced, from 2250±532 to 2068±1569 kmol·s-1. The biological pump on
the Temperate area only introduces 110 kmol·s-1 of TIC, as the net autotrophy within the 4x and 36ºN
region is practically balanced by the net heterotrophy in the 36ºN-24.5ºN area.
The air-sea CO2 flux in the northernmost region is mostly driven by the heat loss to the
atmosphere, introducing about 1288±595 kmol·s-1, minus the biological CO2 production (297±102
kmol·s-1) yields 991±697 kmol·s-1, in fairly good agreement with the final net CO2 air-sea flux,
839±449 kmol·s-1. Within the Temperate region most of the air-sea flux (2068±1569 kmol·s-1) must be
driven by the solubility pump (1625±595 kmol·s-1) as the net influence of the biological pump is fairly
reduced (110±1458 kmol·s-1).
In comparison with the other CO2 flux estimates based on the work by Takahashi et al. (1999)
and Anderson et al. (1998b) previously commented (1386 kmol·s-1), the new CO2 air-sea flux in the
northernmost region (839±449 kmol·s-1) is significantly lower. Whereas in the 4x-24.5ºN region our
CO2 flux (2068±1569 kmol·s-1) is higher than that calculated by Takahashi et al. (1999) (847 kmol·s-1).
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If the biological pump was operating in steady state as initially assumed, the TICπ budget must
have been also affected by the biologically driven convergences/divergences of TIC. The extended
TICπ  budget is shown in Figure 5.9b to be compared with its initial picture in Figure 5.7c. The air to
sea CO2 flux in the Arctic-Subpolar region is considerably reduced form the initial 1131±726 to
692±600 kmol·s-1. Likewise, in the Temperate region the pre-industrial CO2 air to sea flux is reduced
from 1929±701 to 1747±717 kmol·s-1. Both reductions stem from the imbalance between the riverine
input, biological remineralization and calcite sedimentation toward a net production of TIC in both
regions. Our results point to the North Atlantic ocean north of 24.5ºN as a remarkable CO2 sink of
2439 kmol·s-1 during pre-industrial times (Holfort et al., 1998; Keeling et al., 1989), slightly lower
than the contemporary CO2 sink, 2907 kmol·s-1.
The combination of the contemporary, pre-industrial and anthropogenic TIC budgets (Figure
5.9a, b and Figure 5.7b, respectively) provides a composite, complete but also somehow tentative view
of the inorganic carbon budget north of 24.5ºN in the North Atlantic. The large TIC transport across
24.5ºN is mainly driven by the air-sea CO2 uptake north of 24.5ºN, but only a 17% of the air-sea flux
corresponds to the anthropogenic signal. North of the 24.5ºN the ocean is accumulating anthropogenic
carbon at 1123 kmol·s-1, a 44% directly uptaken through the air-sea interface, and the remaining 56%
is advected northward in the upper limb of the thermohaline circulation as also concluded by Holfort et
al. (1998) and Rosón et al. (2001). The CANT air-sea uptake is concentrated in the Temperate North
Atlantic with 1.35 mmol·m-2·d-1 compared to the 0.09 mmol·m-2·d-1 in the Arctic-Subpolar region. The
mechanism explaining the lower CANT uptake in the northern region is the following, as proposed by
Wallace (2001): warm waters flowing northward are practically pre-equilibrated with atmospheric CO2
before sinking and returning to the south, therefore, little additional CANT would be uptaken in the
northern North Atlantic. According to the former statement our results for the CANT  air-sea flux agree
with the higher heat convergence or heat loss to the atmosphere in the Temperate region, 0.82 PW,
relative to the 0.65 PW northwards.
Recently, Orr et al. (2001) estimated and compared the anthropogenic carbon uptake from four
different 3-D global ocean models. Despite punctual differences among models, the general trend in
the North Atlantic shows that CANT air-sea uptake and accumulation mainly occurs in the Temperate
region, in agreement with our findings. However, model results compared with data-based CANT
inventories calculated by Gruber et al. (1996) in the North Atlantic are substantially lower. Orr et al.
(2001) ascribe the differences to the poor skill of models to reproduce mixing and transport between
surface and deeper waters, along with upwelling and convection, which control horizontal transport.
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a) Contemporary TIC.
   b) TICπ.
Figure 5.9.  Schematic summary of the regional extended inorganic carbon budgets in the North Atlantic,
i.e., including the contribution from river runoff, sediment burial and net community production.
Transports across sections and air-sea fluxes are indicated by arrows, the river input by point-ended
arrows, carbonate sedimentation as underlined numbers, storage of anthropogenic carbon as italic
numbers and changes due to net primary production as plain numbers, a minus (plus) stands for
consumption (production) of the property within each defined box. All the rates are in kmol·s-1
(1GtC·y-1 = 2642 kmol·s-1).  Budgets for (a) the contemporary Total Inorganic Carbon (TIC) and (b)
pre-industrial Total Inorganic Carbon (TICπ). The calculated term is shown in bold. The Bering Strait
contribution in the transports across sections has been ignored for consistency.
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Our results directly contrast with the model-derived findings of Sarmiento et al. (1995) who
attribute most of the current air-sea CO2 flux in the North Atlantic to anthropogenic carbon, even with
a small CO2 outflux in the pre-industrial era. As further discussed by Murnane et al. (1999) the
Princeton Ocean Biogeochemical Model used by Sarmiento et al. (1995) underestimates the heat
transport and consequently the Atlantic overturning circulation. Deficiencies in the underlying physical
model, as also concluded by Stephens et al. (1998), would lead to an underestimation of the CO2 and
oxygen transports in the ocean. Therefore, if this is the case, CO2 and oxygen fluxes would be also
underestimated. Despite this, the Murnane et al. (1999) and Sarmiento et al. (1995) CO2 uptake
between 18ºS and 78ºN in the Atlantic ocean agrees with the data-based estimation given by Takahashi
et al. (1995). Furthermore, the recent paper by Sarmiento et al. (2000) compares the sea-air CO2 flux
and transport produced by three different Ocean Carbon Cycle Models, also confirming the agreement
between the Princeton model output and the data-based interpolation by Takahashi et al. (1999), at
least at a global scale. Up to this point, whether the model-derived air-sea CO2 fluxes by Murnane et
al. (1999) and Sarmiento et al. (1995 and 2000) are reliable as well as the simple model interpolation
scheme for the air-sea gradient of pCO2 (and CO2 fluxes) by Takahashi et al. (1995 and 1999), or these
four model studies still present some deficiencies not yet resolved dealing with the carbon, oxygen and
heat fluxes. A recent paper by Doney (1999) identifies the tasks no yet resolved by ocean
biogeochemistry models in order to better understand the present ocean biogeochemistry and predict
future anthropogenic perturbations. The most important topics outlined were a better representation of
the community structure, of the exchanges between open ocean, land, coastal ocean and atmosphere,
and of the large-scale physical circulation along with mesoscale space and time variability.
5.6. SUMMARY AND CONCLUDING REMARKS.
The circulation pattern across the WOCE A25, 4x section, was approximated constraining
the mass transport at specific areas and levels with literature available transport values.
Furthermore, an inverse model was set in order to conserve the salt and mass transports across the
section as we considered the North Atlantic ocean a closed basin. As well, the silicate transport was
constrained to its river input north of the section (Tréguer et al., 1995).
The chemical fields for TA, TIC and CANT were combined with the velocity field so as to
obtain the net transport of these properties across the section. Both the chemical and velocity fields
were decomposed into their barotropic, baroclinic and horizontal components with the aim of
giving insights about the mechanisms leading the transports. On the other hand, the main sources of
uncertainty concerning the transports were evaluated, finally giving the maximum error to be
committed on their estimation.
The TA transport across the North Atlantic Subpolar gyre is practically negligible (-135±507
kmol·s-1), in agreement with the adjusted to zero salt transport. TIC is transported SW nominally at
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-1081±490 kmol·s-1. However, as the section was sampled in summer, winter mixed layer values
were simulated homogenising the upper 210 db with the TIC content at that pressure, a transport
value of –949 kmol·s-1 was calculated. Thus the mean annual transport of TIC is estimated in
-1015±490 kmol·s-1.
CANT was estimated using the back-calculation technique by Gruber et al. (1996) with the
improvements suggested by Pérez et al. (2001, Chapter 3). The upper 130 db were homogenised in
CANT in order to avoid a CANT overestimation due to biological activity. CANT is being advected into
the Subpolar gyre at 116±125 kmol·s-1.
The net mass transport across the section –0.4±1.5 Sv accounts for the net precipitation plus
runoff over evaporation north of the section. This transport drives a SW barotropic transport of
properties which is balanced by the baroclinic plus horizontal components just in the case of TA. In
the case of TIC the SW barotropic transport is complemented by the baroclinic or overturning
component giving rise to the final transport value, as the horizontal transport is practically in
balance.
The main mechanism explaining the net NE transport of CANT across the 4x section is the
overturning circulation, which overpasses the SW barotropic and horizontal components. The
overturning cell operates as a pump in which CANT-enriched waters flow NE above 1000 db,
whereas CANT-poor water flow SW at intermediate levels. The upper level directly advects CANT
into the Subpolar gyre while the intermediate layer leaves CANT-enriched waters north of the
section, acting indirectly as a pump of CANT towards the north.
The large scale gyre or horizontal circulation has two major contributors, the North Atlantic
Current and the East Greenland Current systems. They both horizontally remove TIC and CANT
from the Subpolar North Atlantic north of the 4x section.
Contemporary, pre-industrial and anthropogenic TIC budgets were performed in the Arctic-
Subpolar region north of the 4x section, and between the 4x and the 24.5ºN zonal sections,
Temperate region, combining our results with those from Rosón et al. (2001). In a first
approximation, contemporary TIC convergences/divergences were balanced by the air-sea
exchange and the regional anthropogenic accumulation or CANT storage. The inclusion of other
terms (river input, divergences/convergences and sedimentation of organic carbon, sedimentation
of calcium carbonate) has by now been avoided except a few cases, due to the lack of information
about regional convergences/divergences of organic carbon as well as the scarcity of riverine
carbon input data. Leaving aside the CANT storage term, the same statement can be applied to the
pre-industrial TIC budget. CANT is supposed to be a perturbation in the natural carbon cycle in the
ocean being independent of biological processes.
In this work we have derived the regional CANT storage rates assuming that anthropogenic
carbon is a conservative tracer that has reached its transient steady state. Consequently, the CANT
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storage can be calculated from the CANT Mean Penetration Depth (MPD) times its increase in the
mixed layer. MPD mean values were calculated in the Subpolar and Temperate regions,
distinguishing between the western and eastern basins in the former region. Publicly available CO2
data from the OacesNAtlII-93 and WOCE A20 along with the own 4x data were used in this sense.
A mean CANT increase rate in the upper mixed layer of 0.85 µmol·kg-1·y-1 was combined with the
MPD data.
Organic carbon divergences/convergences were indirectly derived from nitrate budgets
performed in the same regions, revealing the net and slight heterotrophy of the Arctic-Subpolar and
Temperate regions, respectively. Inorganic carbon river input, as well as calcium carbonate
deposition were inferred from literature available data.
The contemporary TIC budget confirms the role of the North Atlantic ocean north of 24.5ºN
as a strong atmospheric CO2 sink, which magnitude decreases from 3553±977 kmol·s-1 to
2907±2018 kmol·s-1 if including the additional terms apart from the CANT storage in the extended
budgets. Most of this flux occurs in the Temperate region, 63% intially and 71% in the extended
case. Alike conclusions can be derived in the case of the pre-industrial TIC budget, an initial sink
of 3060±1427 kmol·s-1 compared to 2439±1317 kmol·s-1 in the extended case, distributed as in the
contemporary budget.
The CANT budget performed reveals the North Atlantic north of 24.5ºN as a store of
anthropogenic carbon, which is accumulated at a rate of 1123±150 kmol·s-1. Only 44% is directly
uptaken through the air-sea interface, the remaining part is advected into the region in the upper
limb of the overturning circulation. Contrary to expected, this air-sea uptake of CANT mainly occurs
in the Temperate region, not in the Arctic-Subpolar region where water masses are formed. The
mechanism explaining this fact is simple, upwelling of old and poorly CANT contaminated waters
occurs in the equatorial area, in their transit northwards these waters cool and equilibrate with
atmospheric CO2, uptaking atmospheric CANT. Therefore, when they arrive at the deep water
formation areas they have little more CANT to uptake. So, CANT is uptaken and transported in the
upper limb of the overturning circulation to be finally carried to depth in the northern end of the
limb, then CANT is transported in the Deep Western Boundary Current and mainly accumulated in
the Temperate region.
Our results for the contemporary air-sea CO2 flux both the initial and extended cases poorly
compare with model and climatological results. We are aware of the uncertainties affecting our
budgets. However, there remain some major deficiencies in global carbon cycle models not yet
resolved, especially those dealing with vertical mixing and overturning circulation, i.e., the
underlying physical model.
Transports estimations for TIC and CANT provide valuable independent information about
regional distribution of air-sea CO2 uptake, both the natural and the anthropogenic signal.
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Particularly, being potential constraints or tests for global carbon models, in order to improve their
skill to reproduce and eventually predict the oceanic anthropogenic carbon uptake.
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5.7. APPENDIX.
Uncertainties in the transports.
In this section we will discuss the main sources of error affecting the transport estimates,
evaluating the same factors as in Álvarez et al. (2001a, Chapter 4). These are: the precision of the
measurements, their temporal variability, the spatial resolution of the sampling and errors due to the
specification of the Ekman layer transport, the sensitivity of our calculations to the imposed circulation
on certain areas (the CGFZ, the EGC and the IAP), as well as the silicate constraint.
Measurements errors. Errors due to the uncertainty in pressure, salinity and temperature
determination have a negligible effect on the mass transport (Holfort and Siedler, 2001). Chemical
properties as explained previously, TA, TIC and CANT have a maximum error of ±2, ±3 and ±8
µmol·kg-1, respectively. About thirty normally distributed random perturbations of the corresponding
order of magnitude were introduced in the TA, TIC and CANT fields along the section. The range of
variability of the new transports was 4, 8 and 21 kmol·s-1, for TA, TIC and CANT, respectively.
Revealing that the measurements’ uncertainty has a relatively small contribution to the total error (See
Table A5.1).
Temporal variability errors. As also explained in Álvarez et al. (2001a, Chapter 4), we are
assuming our section as representative of a climatological mean. Thus, we are implicitly ignoring any
decadal or interannual changes in the thermohaline or chemical characteristics of the water masses.
Seasonal variability is more pronounced in the Ekman layer and will be commented in the paragraph
dealing with errors due to this component.
Spatial resolution error. As explained in Álvarez et al. (2001a, Chapter 4) the 4x stations are
close enough to resolve the main eddy scale. On the other hand, the effect of reducing the spatial
resolution was assessed by reducing to a half the number of stations and constraining again the
velocity field. In this way, the TA, TIC and CANT transports change to 110, -1013 and 44 kmol·s-1. The
most remarkable reduction occurs in the CANT transport, pointing to the importance of resolving the
horizontal scale when designing a section, as also concluded by Rosón et al. (2001) when comparing
their results from the 24.5ºN North Atlantic section with those from Brewer et al. (1989) along the
same latitude but with a very reduced spatial coverage.
It is possible to make some estimate of the error incurred due to eddy activity. If the total eddy
transport of each property has an error equal to the standard deviation (STD) of the eddy transports
between station pairs. This STD is modified by a normally distributed random number, this
modification is done about a hundred times to reflect the number of stations, and the STD of the net
eddy flux for the complete section is calculated. We evaluate the error due to eddy activity as equal to
this final STD. See Table A5.1 for the estimated eddy error contribution of each property to the total
flux error.
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Ekman Error. Uncertainties in the Ekman transport arise from differences in wind stress
climatologies, the Ekman layer depth and the seasonal variability of the wind stress and chemical
concentrations in the upper layer. Holfort et al. (1998) evaluated that the main source of uncertainty in
the Ekman layer transport arises from uncertainties in the wind stress data. We have calculated the
annual mean wind stress from mean seasonal wind stress values obtained from the SOC climatology
which is considered to be the best for the WOCE sampling period (Josey et al., 2001). The uncertainty
in the transports concerning the magnitude of the wind stress was simulated allowing a variation of
±10% in the strength of the Ekman mass flux. See Table A5.1.
Circulation Error. The sensitivity of the fluxes to changes in the circulation was assessed by
varying our imposed mass transports in the CGFZ, the EGC and the IAP according to bibliography
data. The circulation errors were calculated as half of the range of the new transports (Table A5.1) and
mainly arise from alterations in the strength of the EGC. See Álvarez et al. (2001a, Chapter 4) for a
more detailed explanation.
Inversion Error.  The imposed constraints (mass and salt conservation, a silicate flux equal to
–26 kmol·s-1, mass transports over the CGFZ, IAP and east of Greenland according to the
bibliography) have as well a range of uncertainty, affecting the mass and therefore, the chemical
transports. Their evaluation is explained elsewhere (Álvarez et al., 2001a, Chapter 4) and, the results
are given in Table A5.1. Within the inverse model error we must consider that related with the silicate
constraint. Its relevance is assessed allowing a variation of ±15% around the -26 kmol·s-1 value.
Bottom triangles’ error.  The velocity and properties’ distribution at the Bottom Triangles
(BT) can be approximated in different ways: some authors do not consider the flow across the BT
when the velocity field has been already designed to conserve mass (e.g., Lavín et al., 1998); others
assume that the velocity decreases linearly from the deepest common level to usually 1000 m below or
to the bottom (e.g., Holfort and Siedler, 2001).
In this work the velocity at the BT is approximated to be the same as the velocity at the
deepest common level of each pair of stations. Correspondingly, the BT properties are calculated as a
weighted-mean taking into account the number of 20 db layers below the maximum common level:
where PropMean is the weighted mean of the property at the BT, MCL is the Maximum Common
Level, Prop is the property concentration below the MCL at the deepest station within each pair, nn
is the number of levels below the MCL and ii is the counter.
For bottom triangles, we estimate the average property in the bottom triangle as a triangle-
weighted average of the property profile at the deeper station and we consider this estimate to have a
negligible error for the BT property. Since the BT transport can only be smaller than the
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approximation considered here, we recalculated the circulation field in the same way but assuming no
transport in the BT. The difference between the two approximations is taken here as the error due to
the BT definition (Table A5.1). The small error due to BT variations is a result of the fact that with and
without BT transport the circulation pattern is constrained similarly and that the section-averaged
property is not very different from the BT property for most of the properties. Note, however, that the
BT error ascribed to CANT is slightly higher, due to the fact that BT CANT values are much lower than
the section mean.
In this section, we tried to assess the main sources of uncertainty in the estimated transports
across the 4x section, obtaining their maximum values. Uncertainties in the Ekman mass transport
mainly affect the salt transport which should be conserved across the section, having a direct impact on
the TA and TIC transports due to their specific relationship with salinity (about 67 and 60
µmol·kg-1·salinity-1, respectively). Uncertainties in the CANT transport are mainly ascribed to the
uncertainty in the mass transport across the section (circulation, inversion and silicate errors) with a
relatively high contribution ascribed to the uncertainty in the back-calculation technique used to
estimate CANT. The BT CANT definition has, as well, a relatively high impact on the final error ascribed
to the CANT transport.
Table A5.1.  “Best estimate” final transports across the 4x section and flux errors due to uncertainties in the
measurements or methodology (Meas.), the eddy resolution (Eddy), variations in the Ekman transport
(Ekman), in the patterns of circulation across the section (Circ.), due to the inverse model (Inv.), the silicate
constraint (Silicate) and Bottom Triangles (BT). Units are Sv (106 m3·s-1), Mkg·s-1 (106 kg·s-1) and kmol·s-1
(103 mol·s-1).
Final Meas. Eddy Ekman Circ. Inv. Silicate BT Total
Mass –Sv -0.40 0 1.25 0.14 0.02 0.04 0.01 0.02 1.48
Salt – Mkg·s-1 -0.8 0 0.5 4.9 0.7 0.2 0.1 0.3 6.7
TA – kmol·s-1 -135 4 25 329 34 96 17 2 507
TIC – kmol·s-1 -1081 8 10 297 58 97 10 10 490
CANT – kmol·s-1 116 21 4 7 22 39 12 20 125
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Error estimation on the budgets.
The budgets of dissolved inorganic carbon, nitrate and oxygen performed in this work assume
steady state of the previous variables on time-scales of the order of the flushing time of the considered
region. A maximum error is assigned to every known term of the balance (e.g., fluxes across sections,
denitrification, atmospheric inputs, sedimentation, etc.). In the case of the transports across the
sections, the error is taken from the bibliographic source or directly from our estimations. A normally
distributed random number multiplies these maximum errors, the calculated number is then added to
the initial values. Next, the inferred quantity is calculated. This procedure is repeated a hundred times.
Finally the standard deviation of the resulting set of fluxes is obtained. This STD corresponds to the
maximum error to be committed on the inferred variable from the budget equation.
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RESUMEN.
En este último capítulo de resultados y discusión se analiza la estructura o distribución de los
transportes físicos (masa, calor y sal) y biogeoquímicos (nutrientes, oxígeno, alcalinidad, carbono
inorgánico total y antropogénicos) a través del límite sur del giro Subpolar del Atlántico Norte
desde distintos puntos de vista. Para ello se revisan los transportes obtenidos en el capítulo 4 y 5 a
través de la sección 4x atendiendo a su distribución en intervalos de temperatura, así como en
regiones y niveles verticales de la sección. Ésta se divide en 10 regiones según las características
topográficas o geográficas atravesadas por la misma, por otro lado la columna de agua se dividió en
cuatro niveles, superior, intermedio, profundo y de fondo, según los siguientes intervalos de
densidad: superficie a σθ<27.7 kg·m-3, σθ≥27.7 a σ2 ≤36.98 kg·m-3, σ2 >36.98 a σ4 <45.91 kg·m-3 y
σ4 ≥45.91 kg·m-3.   
Por último se combinó la estructura de las masas de agua obtenida en el capítulo 2 con los
campos de los transportes obtenidos en los capítulos 4 y 5. Esto ha posibilitado la cuantificación de
la contribución de cada una de las masas de agua a los transportes físicos y biogeoquímicos a través
del giro subpolar. Hay que destacar que es la primera vez (que sepamos) que se realiza este tipo de
análisis con lo cual existe poca bibliografía con la que comparar y discutir estos resultados. En
contraposición, el transporte atribuído a cada una de las masas de agua se analiza y discute a la luz
del conocimiento general sobre la circulación termohalina en el Atlántico Norte como se describe
en el capítulo 1.
ABSTRACT.
Physical (mass, heat and salt) and biogeochemical (nutrients, oxygen, alkalinity, total
inorganic carbon and anthropogenic carbon) transports calculated across a transoceanic World
Ocean Circulation (WOCE A25, 4x line) section in the southern boundary of the Subpolar North
Atlantic obtained in previous works (Álvarez et al., 2001a and Álvarez et al., 2001c) are reanalysed
with the aim of describing their structure and regional and vertical distribution.
Results about the water masses distribution along the 4x section (Álvarez et al., 2001b) are
combined with the previous transport fields to provide the relative contribution from each water
mass to the final transport values. The water masses circulation pattern across the section is
discussed within the context of the basin-scale thermohaline circulation in the North Atlantic.
_______________________________________________________________________________
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6.1. INTRODUCTION.
The relevance of the North Atlantic ocean and concretely the Subpolar gyre within the global
thermohaline circulation has been widely proven (e.g. Dickson and Brown, 1994; Schmitz and
McCartney, 1993; Schmitz, 1996). Briefly, the Subpolar North Atlantic constitutes an area of deep
and mode waters formation where significant air-sea heat and freshwater fluxes take place (e.g.
Bryden and Imawaki, 2001; Wijffels, 2001). The water masses census in this area reveals the
influence of major intermediate, deep and bottom waters whose sources are far in the Antarctic and
closer in the Nordic and marginal seas, as the Labrador or Mediterranean basins.
The reviews by Schmitz and McCartney (1993) and Schmitz (1996) summarise and integrate
the results from a variety of independent investigations with regard to the basin-wide circulation
pattern in the North Atlantic. Other authors have derived the circulation at specific areas or across
specific transoceanic sections directly from hydrographic measurements (e.g. Bacon, 1997; Bersch,
1995; Pollard et al., 1996; van Aken and Becker, 1996) or indirectly from inverse models (e.g.
Cunningham, 2000; Martel and Wunsch, 1993; Mazé et al., 1997; Paillet and Mercier, 1997).
Although a comprehensive picture of the water masses circulation in the Subpolar North
Atlantic is emerging some imbalances still remain. McCartney (1992) reported an excess of deep
water production in the Eastern North Atlantic which is presumably mixed or recirculated in this
basin (Dickson and Brown, 1994). Saunders (1994) reported a long-term mean transport of 2.4 ±
0.5 Sv for deep waters across the Charlie-Gibbs Fracture Zone. This estimation is much less than
the deep water production in the eastern North Atlantic basin (7.4 Sv) according to Dickson and
Brown (1994).
In this work we thoroughly analyse the mass flux across a transoceanic World Ocean
Circulation Experiment (WOCE) section in the southern boundary of the Subpolar North Atlantic
gyre, WOCE A25 or 4x section, with the aim of giving insights about the regional and vertical
structure of the mass transport in the Subpolar North Atlantic within the context of the global
thermohaline circulation. Furthermore, we combined the circulation pattern across the 4x section
with its water masses structure obtained from a mixing analysis, so as to provide the relative
contribution of each water mass to the transport of both physical (mass, heat and freshwater) and
biogeochemical (nutrients, oxygen, alkalinity, total inorganic carbon and anthropogenic carbon)
properties across the southern boundary of the Subpolar North Atlantic gyre. We finally revise the
circulation scheme within the Subpolar North Atlantic proposed by Schmitz and McCartney (1993)
and Schmitz (1996).
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 6.2. DATA SET.
As part of the World Ocean Circulation Experiment (WOCE) a section was sampled in the
southern boundary of the Subpolar North Atlantic ocean from Vigo (North Western Iberian
Peninsula) to Cape Farewell (South Greenland) during the RRS Discovery cruise 230, 4x cruise,
WOCE A25 line, in August-September 1997 (Figure 6.1).
Figure 6.1. Station locations from the 4x cruise. IAP stands for Iberian Abyssal Plain, CGFZ for Charlie-
Gibbs Fracture Zone and EGC for East Greenland Current.
Continuous recording of temperature, salinity and pressure was obtained by a Conductivity-
Temperature-Depth (CTD) Neil Brown MKIII incorporated into a rosette sampler with 24 Niskin
bottles. Subsamples for salinity, nutrients, oxygen, pH and alkalinity were taken during the cruise.
Here we will briefly describe the methodologies employed for each variable analysis. A more
detailed description about sampling procedures, measurement protocols and data quality control
checks is given in Bacon (1998).
Hereafter, temperature or θ will refer to potential temperature and S to salinity. Salinity
samples were analysed on a Guildline 8400A salinometer calibrated IAPSO Standard Seawater
following the WOCE standards. Nutrients were analysed on board using SOC Chemlab AAII type
Auto-Analyser coupled to a Digital-Analysis Microstream data capture and reduction system.
Precision for nitrate (NO3), phosphate (PO4) and silicate (SiO4) was evaluated at ±0.2, ±0.05 and
±0.1 µmol·kg-1 respectively. Oxygen (O2) was determined by Winkler potentiometric titration
following the indications described in the WOCE Manual of Operations (Culberson, 1991).
Oxygen precision was better than 1 µmol·kg-1.
Seawater pH was measured using a double wavelength spectrophotometric procedure
(Clayton and Byrne, 1993). The indicator was a 1 mM solution of m-cresol purple sodium salt in
Milli-Q water. All absorbance measurements were made by a Beckman DU600 spectrophotometer
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in a thermostat 10-cm cell. Temperature was controlled using a refrigerated circulating temperature
bath, all measurements were performed at 25 ºC. pH was expressed on the total scale. pH
measurements were made to an accuracy of ±0.002 based on analysis of Certified Reference
Material (CRM) provided by Dr. Dickson (Scripps Institution of Oceanography). Total Alkalinity
(TA) was determined by automatic potentiometric titration with HCl to a final pH of 4.44 (Pérez
and Fraga, 1987). The electrode was standardised using an NBS buffer of pH 7.413 and checked
using an NBS buffer of 4.008. This method has a precision of 0.1% (Pérez and Fraga, 1987), and
an accuracy of ±2 µmol·kg-1 based on analysis of CRM.
Total Inorganic Carbon (TIC) was estimated from pH and TA data using the thermodynamic
equations of the carbonate system (Dickson, 1981) and the constants determined by Mehrbach et
al. (1973). This procedure was verified by Ríos and Rosón (1996) and the TIC error is estimated in
±3 µmol·kg-1 according to error transmission.
In this work we use the approximation for calculating anthropogenic carbon (CANT)
suggested by Pérez et al. (2001, Chapter 3) based on an improved modification of the back-
calculation technique proposed by Brewer (1978) and Chen and Millero (1979), further modified
by Gruber et al. (1996). In their paper Pérez et al. (2001, Chapter 3) evidenced the inaccurate
estimation of preformed alkalinity (TA0) and TIC in equilibrium with the pre-industrial
atmospheric CO2 (TICeqπ) proposed by Gruber et al. (1996). A new parametrization for TA0 was
suggested as a function of the Apparent Oxygen Utilization (AOU) and the inorganic to organic
carbon decomposition ratio. In the estimation of TICeqπ the influence of the partial pressure of
water vapor affecting the calculation of the pre-industrial level of atmospheric CO2 and the use of
an appropriate set of dissociation constants, concretely those from Merhbach et al. (1973), were
also taken into account. After applying these improvements over the Gruber et al. (1996)
methodology Pérez et al. (2001, Chapter 3) questioned the existence of the high disequilibrium
term (∆TICdis) proposed by Gruber et al. (1996). Evidence from direct CO2 data taken on
formation areas suggests that ∆TICdis is negligible.
Thus, CANT is estimated as:
CANT = TIC – AOU/RC – 1/2·(TA– TA0 + AOU/RN ) – TICeqπ                                        (6.1)
where AOU is calculated using the oxygen saturation equation from Benson and Krause
(UNESCO, 1986). We used RC=1.45±0.17 and RN=10.6±0.7 (Anderson and Sarmiento, 1994). TA0
is calculated following Pérez et al. (2001, Chapter 3), TICeqπ is estimated from the time-
independent TA0 and the pre-industrial atmospheric CO2 level (Neftel et al., 1994). The estimated
error of CANT is 7.4 µmol·kg-1, similar to the values proposed by Gruber et al. (1996), Körtzinger et
al. (1998) or Sabine et al. (1999). However, the average CANT content for waters deeper than 4000
db is 5.2±4 µmol·kg-1, indicating that the previous error estimate must express the maximum
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random variability, the averaging effect acting on independent errors decreases the random errors
considerably.
6.3. METHODS.
In this section we give an overview of the methodology followed to obtain the geostrophic
velocity field and the corresponding geostrophic transport of any physical or biogeochemical
property across the 4x section. Additionally, the mixing analysis performed to describe the water
mass structure along the 4x section is also summarised. Further information regarding both
methods can be found in Álvarez et al. (2001a, Chapter 4) and Álvarez et al. (2001b, Chapter 2),
respectively.
6.3.1 Determination of the velocity field and transports.
The geostroghic transport of any property across the 4x section can be computed as:
where TProp is the transport of any property, calculated by integrating the product of the property
concentration (Prop), the velocity orthogonal to the section (ν) and the in situ density (ρS,T,P) from
Vigo to Cape Farewell over the entire water column (that is, from the bottom, -H, to the surface, 0).
The triangular area remaining below the deepest common level at each pair of stations is treated
separately: the transport in the bottom triangles is calculated by multiplying the velocity at deepest
common level by the bottom triangle area and a weighted average of each property in the bottom
triangle, including density. Throughout we use the convention that positive fluxes refer to
northward transports orthogonal to the section.
The velocity field is assumed to be geostrophically balanced except for the wind-driven
Ekman layer. For calculating the geostrophic velocity with the thermal wind equation, CTD data
recorded every 2 db for temperature, salinity and pressure are smoothed to 20 db intervals for each
station. Chemical data obtained at bottle depths were linearly interpolated to 20 db intervals, so as
to match the physical fields. We make the assumption that the property distributions below the
upper 100-200 db are uninfluenced by the seasonal cycle and represent long-term distributions in
order to obtain a climatological estimate of the transports from a single section. CANT values above
130 db were homogenised so as to avoid biases due to biological activity (Álvarez et al., 2001c,
Chapter 5).
The determination of the velocity field is thoroughly described in Álvarez et al. (2001a, Chapter
4), here we will present just an overview of the process. The circulation pattern is initially
approximated in order to reproduce the closest to reality estimate of the velocity field. This is our
“initial guess” which is finally introduced into an inverse model with additional constraints so as to
∫ ∫
−
⋅⋅⋅⋅=
Farewell
Vigo
0
H
PT,S,Prop dzdxPropρvT          (6.2)
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obtain the “best estimate” of the circulation. Careful attention was paid in the definition of the “initial
guess” as the inverse model results will depend on it (Rintoul and Wunsch, 1991). The geostrophic
velocity was initially calculated referenced for a fixed Level of No Motion (LNM) equal to 3200 db
(Saunders, 1982). Then, the LNM was changed to σ2=36.94 kg·m-3 everywhere except in the Iberian
Abyssal Plain. The mass imbalance obtained after this adjustment is compensated by a uniform
barotropic velocity distributed across the section. Based on direct observations and reliable
estimations of the mass transport at specific areas crossed by the section we proceeded to adjust the
mass flux at three locations: the Iberian Abyssal Plain (IAP), the Charlie-Gibbs Fracture Zone
(CGFZ) and the western boundary region within 110 km of Greenland, in the East Greenland
Current (EGC). Specifically, the mass transport was adjusted to zero below about 2000 db in the
IAP, to -2.4 Sv (1 Sv =106 m3·s-1) southwards in the CGFZ for waters with σθ>27.8 kg·m-3
(Saunders, 1994) and to -25 Sv southwards for the whole water column in the EGC (Bacon, 1997).
After these considerations the salt transport was adjusted to zero as we assume the North Atlantic
ocean north of the 4x section to be a closed basin. After this final adjustment the “initial guess”
circulation is obtained. A high silicate flux (-105 kmol·s-1) was obtained with the former pattern of
circulation. Consequently, an inverse model was set to force the silicate transport to the riverine input
of silicate north of the section, [26 kmol·s-1, estimated from the recent review of the silica cycle by
Tréguer et al. (1995)], along with conserving salt and minimising the total net mass flux. Minor
barotropic corrections were calculated with the inverse model, after their application over the “initial
guess” circulation its “best estimate” is obtained.
6.3.2 Water mass structure.
The water mass structure along the 4x section is resolved by means of an Optimum
MultiParameter (OMP) approach detailed in Álvarez et al. (2001b, Chapter 2). As an overview, the
method consists on resolving a series of linear equations for conservative tracers in a Non-Negative
Least Squares (NNLS) sense, where mass is stringently conserved. The unknowns are the
contributions of the different Source Water Types (SWT) which must be positive, and the known
data are the SWT conservative characteristics (Table 6.1).
The OMP analysis takes into account the precision and source variability of each measured
conservative tracer. Thus a weighting term is introduced into each equation, higher weights are given
to those parameters more precisely measured and with a lower variability in the source region.
The system of linear equations to be resolved can be expressed as:
W · (A · x - b) = minima.             (6.3a)
with Σi xi = 1 and xi ≥ 0 for all i.                             (6.3b)
where i stands for each SWT to a total of n, W is the weighting matrix with (p+1, p+1) dimensions
where p is the number of tracers, A is a (p+1, n) matrix containing p tracer values for n SWT, the
(p+1)th row is equal to 1 to set the first constraint, x is a (n, 1) matrix containing each SWT
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contribution to a water sample, and b (p+1, 1) contains the measured values of the tracer variables,
its (p+1)th row is set to 1 to satisfy the first constraint.
Table 6.1. Characteristics of the SWT analysed in the mixing model by Álvarez et al. (2001b, Chapter 2).
ENACW stands for Eastern North Atlantic Central Water, subTropical and subPolar, SAIW for SubArctic
Intermediate Water, AA for influenced Antarctic Intermediate Water, MW for Mediterranean Water, LSW
for Labrador Sea Water, ISOW for Iceland-Scotland Overflow Water, DSOW for Denmark-Strait Overflow
Water and NEADW for North Eastern Atlantic Deep Water, upper and lower.
SWT θ 
(ºC)
S
(psu)
SiO4
(µmol·kg-1)
ENACWT 15.30 ± 0.13 36.12 ± 0.02 0.5 ± 0.1
H 12.20 ± 0.13 35.66 ± 0.02 3.4 ± 0.1
ENACWP 8.00 ± 0.1 35.23 ± 0.05 11.1 ± 1
SAIW 5.60 ± 0.1 34.75 ± 0.05 2.1 ± 1
AA 7.00 ± 0.1 34.90 ± 0.05 17.4 ± 1
MW 11.74 ± 0.1 36.50 ± 0.05 8.8 ± 1
LSW 2.90 ± 0.3 34.84 ± 0.04 10.4 ± 1.3
ISOW 1.93 ± 0.1 34.96 ± 0.001 12.9 ± 1
DSOW 1.20 ± 0.1 34.89 ± 0.05 9.5 ± 1
NEADWu 2.40 ± 0.01 34.93 ± 0.001 37.8 ± 0.4
NEADWl 2.03 ± 0.01 34.89 ± 0.001 46.9 ± 0.4
Up to 11 SWT were introduced in the OMP analysis to resolve the water mass structure in
the Subpolar North Atlantic (Table 6.1). In the upper 1000 db the main water mass is the mode
water Eastern North Atlantic Central Water (ENACW) with its two varieties, subtropical and
subpolar (Fiúza, 1984; Ríos et al., 1992), which are defined by the lines comprised between
ENACWT-H and H-ENACWP, respectively. As well in the upper 1000 db, SubArctic Intermediate
Water (SAIW) is detected west of the Mid-Atlantic Ridge (MAR). Influenced Antarctic
Intermediate Water (influenced AAIW or our AA type) is carried within the North Atlantic Current
system at about 500 db, however only a slight influence of AAIW is detected. The salinity
maximum of Mediterranean Water (MW) and the salinity minimum of Labrador Sea Water (LSW)
are detected from 1000 to 2000 db as intermediate waters along the 4x section. This section
intersects the pathways of the two main overflows in the North Atlantic: Denmark Strait Overflow
Water (DSOW) and Iceland-Scotland Overflow Water (ISOW). North-Eastern Atlantic Deep
Water (NEADW) constitutes the deep water in the IAP defined by the line NEADWu-NEADWl.
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In the OMP analysis we have used as conservative parameters temperature, salinity and
assumed the conservative behaviour of silicate, especially for those waters below the thermocline
(Table 6.1). The SWT thermohaline characteristics were taken from the bibliography. Silicate
characteristics were initially approximated from θ−SiO4 and S-SiO4 regression lines. Optimum SWT
SiO4 values were iteratively calculated until the difference between introduced and predicted SWT
SiO4 values was minima. Initially an error is calculated for each SWT and tracer, which is taken from
the standard errors of the θ−S or S-SiO4 regression lines in the corresponding θ−S or S-SiO4 range.
Additional errors are assigned to some SWT as they are reported to change in inter-annual and decadal
time scales. See Table 6.1 for the thermohaline and silicate characteristics and errors of the SWT.
Using 3 conservative tracers a maximum of 4 SWT can be analysed simultaneously.
However, we proposed 11 different SWT to resolve the water mass structure in the North Atlantic
Subpolar gyre. These SWT are not allowed to mix indistinctly: to overcome the excess of SWT
relative to tracers, we proposed some oceanographic criteria constraining the mixing (Álvarez et al.,
2001b, Chapter 2).
The robustness or stability of the analysis is tested by numerical perturbations over the SWT
matrix A taking into account the SWT errors. Concretely, 100 perturbations were performed and thus
100 solutions calculated. The SWT contributions used in this study are the mean of the former 100
solutions. In addition, the reliability of the model is checked contrasting its ability to predict the
distribution of other conservative parameters as NO, PO (Broecker, 1974) and CAO (Ríos et al.,
1989). In this sense, the model predicts more than a 97% of their variability.
 Some samples were not comprised within the θ-S-SiO4 mixing spaces (see Figure 2.4 in
Chapter 2) and were not resolved by the mixing model. These samples correspond to the seasonal
thermocline, being affected by seasonal warming and/or ice melting, and must be discarded in an
OMP analysis, which assumes stationary state in the SWT characteristics.
In order to calculate the transport of any property due to a given SWT, the geostrophic
transport field must be multiplied by the corresponding SWT contribution field. Therefore, the
SWT contributions obtained at bottle depths were also linearly interpolated to 20 db intervals and
averaged every pair of stations, so as to match the transport fields. The SWT contributions at the
triangular area remaining below the deepest common level of each pair of stations are calculated
from a weighted average of each SWT in the bottom triangle, in the same way as any other
property as described in Álvarez et al. (2001a, Chapter 4).
6.4. RESULTS AND DISCUSSION.
The structure of the physical and biogeochemical transports across the 4x section is analysed
based on different approximations according to: temperature classes, regions and density intervals
and finally, the water mass structure.
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6.4.1. Transports by temperature classes.
Transports for physical and biogeochemical properties are integrated according to θ classes,
which correspond to 1ºC intervals from 1.5 to 21.5 ºC (Figure 6.2). The full-depth integral of these
transports yields the total geostrophic transport across the 4x section. When including the Ekman
layer transport the net transport is obtained (Álvarez et al., 2001a, Chapter 4).
The vertical distribution of θ along the 4x section is described in Álvarez et al. (2001b,
Chapter 2, Figure 2.2a). Briefly, the main physical feature crossed by the 4x section is the North
Atlantic Current (NAC) discerned as a θ frontal area in the upper 1000 db over the CGFZ,
separating colder and fresher waters northwards from warmer and saltier waters southwards. Below
1000 db isotherms are practically parallel, except for the localised influence of the colder DSOW
and ISOW over the western flank of the Irminger Sea and over the CGFZ, respectively.
Waters with θ higher than 15ºC correspond to the seasonal thermocline affected by seasonal
warming, the classes from 15 to 8ºC mainly comprise the mode waters, subpolar and subtropical
ENACW and MW; from 8 to 5ºC is the domain of SAIW and AA; LSW is mainly found in the 4.5
to 2.5ºC classes. The deep water NEADW and the two overflows ISOW and DSOW occupy the
θ<2.5ºC classes.
The mass transport by θ classes presents a two-lobe structure (Figure 6.2a), with positive or
northeastward (NE hereafter) transport for θ>6.5ºC classes and negative or southwestward (SW
hereafter) transport for colder classes. Warmer than 6.5ºC waters transport 22.2 Sv and colder
waters -21.2 Sv, thus the total geostrophic mass transport across the 4x section amounts to 1 Sv.
The strongest NE mass transport is concentrated in the 10.5-11.5ºC class, which mainly
corresponds to subpolar ENACW. Whereas the main SW flow of up to –16 Sv is located in the 2.5-
3.5 ºC class mainly related with LSW.
The transports into θ classes of other physical (heat and salt) and biogeochemical (nutrients,
O2, TA, TIC and CANT) properties resemble the mass transport (Figure 6.2). This is a consequence
of the high degree of correlation between the θ, S and chemical fields. Additionally, this result
points to the relevance of determining a reliable velocity field when calculating transports across
transoceanic sections. A net flux of mass SW does not necessarily lead to a net transport of any
other property in the same direction.  For example, the coldest θ class presents a SW mass flow, as
well as other property transports except SiO4 (Figure 6.2f). In the case of SiO4, water with θ<2.5 ºC
in the IAP flowing NE has a much higher SiO4 concentration than the overflows in the Irminger
Basin and CGFZ flowing SW. Thus, the NE SiO4 transport greatly exceeds the SW one, due to the
contrasting SiO4 concentration at the 1.5-2.5 ºC class (See Figure 2.2).
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Figure 6.2. Geostrophic transport into temperature (θ) classes across the 4x section for (a) mass, (b) heat, (c)
salt, (d) nitrate (NO3), (e) phosphate (PO4), (f) silicate (SiO4), (g) oxygen (O2), (h) Total Alkalinity
(TA), (i) Total Inorganic Carbon (TIC), and (j) anthropogenic carbon (CANT). Units are Sv (1 Sv = 106
m3·s-1), PW (1015 W), Mkg·s-1 (106 kg·s-1) and kmol·s-1 (1000 mol·s-1). In the corresponding subplot is
also shown the total geostrophic transport across the 4x section of each property. Positive values
indicate northeastward transport.
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Although the total geostrophic mass transport across the 4x section amounts to 1 Sv NE
(Figure 6.2a) and the rest of the transports into θ classes resemble that of mass, the total
geostrophic transport of these properties is not necessarily in the same direction. Nutrients and
oxygen present a SW total transport (Figure 6.2c to g) due to the increasing concentration of these
variables with decreasing θ as an average. In the thermocline of the 4x section, nutrients are low as
a mean and oxygen has a low mean value due to the influence of MW that presents a strong oxygen
minimum. Thus in the warmest classes low transports are computed because low property values
are multiplied by low NE mass transports. In the 2.5-3.5 ºC class or LSW domain there is a strong
SW mass flow that combined with the high oxygen and nutrient concentration in this layer yields
extremely high SW oxygen and nutrient transports (Figure 6.2d to g). TIC, although low in surface
waters due to biological activity, presents a strong maximum in the upper 1000 db due to the MW
influence. The upper northeastward TIC transport in warmer θ classes is not compensated by the
SW transport in deep and bottom waters (Figure 6.2i), thus the total TIC transport is directed NE.
CANT presents a decreasing profile with θ, cold waters transport –716 kmol·s-1 exceeded by the 899
kmol·s-1 carried by warmer θ classes (Figure 6.2j).
6.4.2. Transports by density intervals.
In order to more clearly describe the mass transport across the 4x section, the section has been
divided into 10 geographical regions mainly according to bathymetric features and the water column
into 4 density layers, which are ultimately related with the distribution of water masses (Figure 6.3).
Therefore, from top to bottom, the upper layer comprises from the surface to σθ<27.7 kg·m-3 and
represents the central waters domain, mainly comprising ENACW, SAIW and AA. The intermediate
layer comprises from σθ≥27.7 to σ2 <36.98 kg·m-3, being the LSW domain. MW is comprised within
the upper and intermediate layers. The deep layer, from σ2≥36.98 to σ4 <45.91 kg·m-3, comprises deep
waters in the IAP and bottom waters on both sides of the MAR (Figure 6.3). The bottom layer
comprises waters denser than σ4 = 45.91 kg·m-3 and is associated with the DSOW in the Irminger
Basin and NEADW in the IAP. For a more detailed description of the water masses along the 4x
section see Álvarez et al. (2001b, Chapter 2).
Figure 6.3 shows the regional and vertical distribution of the volume fluxes across the section.
The total geostrophic transport is 1 Sv, 18.6 Sv flow in the upper layer, -6.3 Sv in the intermediate,
-11.4 Sv in the deep and only 0.1 Sv in the bottom layer. The Ekman transport amounts to -1.4 Sv.
Thus net volume flux across the 4x section is –0.4 Sv, which is associated with a net precipitation plus
runoff over evaporation over the North Atlantic north of the 4x section (Chapter 2).
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Figure 6.3. Regional and vertical distribution of the mass transport across the 4x section. Negative values
indicate southward or southwestward transports. 1 Sv = 106 m3·s-1. Density layers are from the surface to
σθ<27.7 kg·m-3, σθ≥27.7 to σ2 ≤36.98 kg·m-3, σ2 >36.98 to σ4 <45.91 kg·m-3 and σ4 ≥45.91 kg·m-3.
Respectively denominated as upper, intermediate, deep and bottom. IAP stands for Iberian Abyssal Plain,
CGFZ for Charlie-Gibbs Fracture Zone and MAR for Mid-Atlantic Ridge.
A northward flow of 2 Sv was obtained in the Iberian Basin for waters denser than σ2=36.98
kg·m-3, this flow in the context of global circulation corresponds to the 2 Sv of modified Antarctic
Bottom Water (Schmitz and McCartney, 1993; Schmitz, 1996) flowing northward across the Iberian
Basin to join the northern overflows. Saunders (1982) proposed a weak northward transport across
41.5ºN at intermediate depth levels as calculated in this work, whereas in the upper 1000 db we
obtained 2.4 Sv flowing northwards mainly concentrated over the continental slope, in disagreement
with Saunders (1982) who calculated -2.5 Sv flowing southwards across 41.5ºN.
The NAC system transports 27.5 Sv NE across the section from the Azores-Biscay Rise to the
CGFZ, 21.3 Sv are ascribed to waters warmer than 7ºC. These figures compare favourably with those
proposed by Fahrbach et al. (1985), Krauss (1986), Maillard (1984), Sy et al. (1992) or the recent
review by Rossby (1996). Above the Azores-Biscay Rise -2.5 Sv are flowing SW in the upper layer as
part of the recirculation of the NAC system and probably feeding the Azores Current (Paillet and
Mercier, 1997).
At the LSW level south of the CGFZ the inferred circulation pattern agrees with that proprosed
by several authors (Arhan et al., 1989; Paillet et al., 1998; Talley and McCartney, 1982), with a NE
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transport on the western side of the MAR and SW on the eastern side. Concretely, 6.6 Sv cross over
the MAR at about 35°W (about 2300 km from Vigo), of which -2.0 Sv recirculate southwards on the
eastern flank. These figures compare strikingly well with those proposed by Paillet and Mercier (1997)
from an inverse model, but contradict the 13 Sv crossing the MAR proposed by McCartney (1992) or
Schmitz and McCartney (1993).
Regarding the deep flow in the CGFZ, the model has been constrained to obtain a SW flow of
-2.4 Sv for σ2>36.93 kg·m-3 as measured by Saunders (1994). At regions 5, 6 and 7 (western flank of
the MAR and CGFZ) -6.4 Sv of deep water flow to the western basin and ultimately join the DWBC.
This figure compares well with the circulation pattern proposed by Schmitz and McCartney (1993) and
reviewed by Schmitz (1996), and also with a recent calculation in the area by Bacon (1997). Although
weak, there is a net SW deep flow of –0.9 Sv over the eastern flank of the MAR, corresponding to
ISOW-influenced water recirculated or carried elsewhere into the western basin (Álvarez et al., 2001b,
Chapter 2; Bacon, 1997).
The upper layer in region 7 on the eastern flank of the Reykjanes Ridge transports –1.6 Sv
southwestwards, while in the western flank (region 8, 55.4ºN-36.7ºW) the upper layer only transports
–0.2 Sv as it comprises a cyclonic eddy of about 3 Sv. The former region is usually associated with the
northward Irminger current, estimated as 9 Sv at 59ºN and 9.6 Sv at 62ºN by Bacon (1997) and Krauss
(1995), respectively. Therefore, it seems that the Irminger current is not crossed by the 4x section and
probably bends from the Iceland to the Irminger sea further north.
In the Irminger basin, about -18 Sv of water below 4°C are transported SW, likewise, -10 Sv of
warmer water are also carried in that direction. Schmitz and McCartney (1993) proposed -16 Sv and
-14 Sv of water colder and warmer, respectively, than 4°C.
McCartney (1992) and Dickson and Brown (1994) proposed  –2.9 Sv of DSOW to be produced
in the Denmark Strait. At the densest layer of the Irminger Sea (region 9 and 10) we obtained a flow of
–1.6 Sv (Figure 6.3). Additionally, Dickson and Brown (1994) proposed a flow of –13.3 Sv for waters
denser than σθ ≥27.8 kg·m-3 at the EGC, across our section we obtained just a flow of  -6 Sv.
Similar pictures as Figure 6.3 can be derived for any other physical or biogeochemical
property. However, for the sake of space economy the regional and vertical distribution of these
transports is represented in a more simplistic manner in Figure 6.4. This figure shows the regional
(regions as in Figure 6.3) transport by density intervals (intervals as in Figure 6.3) accumulated
from Vigo (right end) to Cape Farewell (left end) for the different properties. Figure 6.3a is just a
different representation of the results shown in Figure 6.2. As also concluded from Figure 6.2 the
vertical and regional physical and biogeochemical transports resemble that of mass. The NAC
(regions 4, 5 and 6) stands out as the main contributor to the NE mass transport in the upper layer,
while the EGC (region 10) is the main contributor to the SW transport but affecting the whole
water column (Figure 6.4a).
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Figure 6.4. Regional and vertical geostrophic transports across the 4x section accumulated fromVigo (right
end) for (a) mass, (b) heat, (c) salt, (d) nitrate (NO3), (e) phosphate (PO4), (f) silicate (SiO4), (g)
oxygen (O2), (h) Total Alkalinity (TA), (i) Total Inorganic Carbon (TIC), and (j) anthropogenic
carbon (CANT). Units are Sv (1 Sv = 106 m3·s-1), PW (1015 W), Mkg·s-1 (106 kg·s-1) and kmol·s-1 (1000
mol·s-1). Regions and density intervals as in Figure 6.3.
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Except for heat (Figure 6.4b) and SiO4 (Figure 6.4f) the regional vertical distribution of the
other physico-biogeochemical transports shown in Figure 6.4 are practically analogous. The
properties, except heat and SiO4, are mainly transported NE in the upper layer within the NAC
system (regions 4, 5 and 6), which greatly exceeds the SW contribution from the EGC (region 10).
The intermediate and deep layers present a final SW transport mainly due to the great contribution
at the CGFZ (region 6) and the EGC (region 10), the transport at the bottom layer is practically
negligible (Figure 6.5c-e, g-j).
The heat transport is overwhelmingly concentrated in the upper layer (Figure 6.4b) in
comparison with the structure of the other transports. In the case of SiO4 (Figure 6.4f), the deep
layer is the largest contributor to the total transport. The geostrophic transport of SiO4 also presents
a significant contribution from the bottom layer. Concretely, NEADW with a high SiO4 content
flows northwards in the IAP (region 2, Figure 6.4f).
CANT is mainly transported NE in the upper layer at the NAC (Figure 6.4j), note the
significantly high CANT transport SW in the EGC whole water column (region 10).
6.4.3. Transports by water masses.
This subsection quantifies the relative contribution from each water mass  (Table 6.1) to the
different physical (mass, heat and salt) and biogeochemical (nutrients, O2, TA, TIC and CANT)
transports across the 4x section. As previously introduced in the “Methods” section, the results
from a mixing analysis (Álvarez et al., 2001b, Chapter 2) were combined with those regarding the
physical and biogeochemical transports across the section [see Álvarez et al. (2001a, Chapter 4) for
the mass, heat, salt, nutrients and oxygen transports and Álvarez et al. (2001c, Chapter 5) for the
TA, TIC and CANT results].
As previously mentioned, a portion of the water column along the 4x section was not
characterised within the mixing analysis performed in Álvarez et al. (2001b, Chapter 4). Thus,
there is a mismatch between the total geostrophic transports across the 4x section (Álvarez et al.,
2001a-Chapter 4 and c-Chapter 5) and that accounted for by the different SWT. This imbalance
amounts to 6.8 Sv NE (Table 6.2) and is comprised within the upper thermocline (upper 200 db as
a mean) affected by seasonal changes.
Regional mass transports by density intervals as in Figure 6.3 and 6.4 accumulated from
Vigo accounted for by the different SWT in Table 6.1 are shown in Figure 6.5. Only the mass
transport is represented in this way as the distribution of the property transports present the same
structure. In any case, the contribution of each SWT to the different physical and biogeochemical
geostrophic transports is given in Table 6.2. Note that the contribution of the ENACW subpolar
and subtropical varieties was summed up (Figure 6.5a), as well as the NEADWu and NEADWl
conforming NEADW (Figure 6.5h).
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Figure 6.5. Regional and vertical geostrophic mass transport across the 4x section accumulated from Vigo
(right end) accounted for by the different water masses: (a) Eastern North Atlantic Central Water
(ENACW), (b) SubArctic Intermediate Water (SAIW), (c) influenced Antarctic Intermediate Water
(AA), (d) Mediterranean Water (MW), (e) Labrador Sea Water (LSW), (f) Iceland-Scotland Overflow
Water (ISOW), (g) Denmark-Strait Overflow Water (DSOW) and (h) North Eastern Atlantic Deep
Water (NEADW). 1 Sv = 106 m3·s-1. Regions and density intervals as in Figure 6.3.
The transport of ENACW across the Subpolar North Atlantic is centred in the upper layer
and mainly concentrated in the NAC system (regions 4, 5 and 6, Figure 6.2 and 6.5a), with a total
contribution of 7.5 Sv NE (Table 6.2) The total geostrophic transport of heat accounted for by the
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mixing analysis is 0.35 PW, and the ENACW contribution is 0.37 PW, thus ENACW is the main
carrier of heat towards the polar seas across the Subpolar gyre. As well, ENACW has an important
but not deterministic role in the NE transport of nutrients, O2, TA, TIC and CANT, because the total
SWT geostrophic transport can have a SW direction (Table 6.2).
SAIW and AA are, as ENACW, mainly transported in the upper layer (Figure 6.5b and c,
respectively). The total geostrophic transport of SAIW across the section is practically null (Table
6.2), as most of its NE transport in the NAC (region 5) is compensated at the EGC (region 10,
Figure 6.5b). Consequently, the transport of physical and biogeochemical properties associated to
this water mass are very small (Table 6.2). The maximum contribution of AA (40%) was found in
the NAC region (Álvarez et al., 2001b, Chapter 4, Figure 4.7). Accordingly, the largest AA
transport is concentrated in this region and practically accounts for the total AA transport across the
4x section, amounting to 3.3 Sv NE (Figure 6.5c, Table 6.2). This figure compares with the 5 Sv
proposed by Schmitz (1996) of remnant upper AAIW transported within the NAC in his review
about the North Atlantic ocean circulation. Influenced-AAIW water is a very old water mass with a
high nutrient but low oxygen content. Compared to the section mean values, AA presents higher
nutrient and a lower oxygen values, thus its total NE flow of 3.3 Sv although absolutely
transporting nutrients and oxygen into the Subpolar North Atlantic, it indirectly enriches the basin
in nutrients but decreases the oxygen content.
A total of 1.6 Sv of MW flow northwards across the 4x section, mainly at the upper and
intermediate layers of the Iberian Basin (1.8 Sv, region 2, Figure 6.5d), a southwards return flow of
MW locates at the Azores-Biscay Rise (region 3). In the context of the global circulation, the 1.6
Sv of MW flowing into the Subpolar gyre positively compare with the 1 Sv proposed by Schmitz
(1996) in his review work.
Mazé et al. (1997) calculated the volume budget in the box defined by three hydrographic
sections 43ºN, 38ºN and 12.5ºW off the Iberian Peninsula. At their MW level (defined as waters
with σθ>27.25 and σ1<32.35 kg·m-3) these authors calculated a volume flux of 5.8 and 5.3 Sv
across 43ºN and 38 ºN, respectively, and thus an eastward flow across the 12.5ºW line of 0.5 Sv. At
their MW level we obtained a northward flow of 2.4 Sv across the zonal section along 41.5ºN east
of 12.5ºW (Figure 6.1 and Figure 6.5d). Most of this transport is concentrated in the continental
slope region as in Zenk and Armi (1990), Daniault et al. (1994) and Mazé et al. (1997). The
combination of our results and those from Mazé et al. (1997) suggests a westward flow between
38ºN and 41.5ºN across the 12.5ºW, whilst between 41.5ºN and 43ºN the flow would be eastward.
In this sense, the results by Zenk and Armi (1990) and Daniault et al. (1994) indicate that the main
exit of MW toward the ocean interior occurs between 37ºN and 39ºN. However, we have no
confirmation of an eastward transport across 12.5ºW in the 41.5º-43ºN latitude band. Moreover, in
this region a westward flow was suggested in agreement with the MW northwestward path west of
the Galicia Bank (Daniault et al., 1994; Zenk and Armi, 1990). The consequences derived
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combining our results with those from Mazé et al. (1997) are probably spurious, since although
Mazé et al. (1997) calculated the volume budget with an inverse methodology, their approximation
and ours completely differ.
Despite its temperature and salinity maximum, the relevance of MW in the transport of heat
and salt across the 4x section is small (Table 6.2). In contrast, its contribution to the NE
geostrophic transport of TA, TIC and CANT is remarkable. MW is characterised by extremely high
values of TA and TIC, and a relative high CANT value. Although formed from a very old water
mass, the mediterranean outflow, with a residence time of about 70 years in the Mediterranean Sea
(Pickart and Emery, 1990), it entrains central waters recently formed with a high content of CANT.
Concretely, Ríos et al. (2001) calculated that 185 kmol·s-1 of CANT are draw down to form MW in
the Gulf of Cádiz. According to our results a 35% of this CANT flows northward across 41.5ºN in
the Iberian Basin.
The largest absolute transport across the 4x section is ascribed to LSW, -11.5 Sv flow SW
(Table 6.2). This flow distributes among the upper, intermediate and deep layers (Figure 6.5e), with
the largest contribution at the intermediate layer, -6 Sv. In the upper layer, LSW is only transported
west of the MAR (Figure 6.5e), where LSW is shallower (Álvarez et al., 2001b, Chapter 2). At this
layer, 2 Sv of LSW flow NE within the NAC (region 5 and 6, Figure 6.5e), and –3.4 Sv flow SW in
the EGC, ending up with a slight SW transport of LSW at the upper layer of the 4x section.
At the intermediate layer, LSW flows SW east of the MAR (regions 1 to 4, Figure 6.5e),
confirming the analysis by Paillet et al. (1998) who from salinity anomalies inferred a southward
circulation of LSW-influenced water on the eastern flank of the MAR towards the Oceanographic
Fracture Zone, to finally return to the western basin, in a kind of “Eastern basin Deep Western
Boundary Current”.
In accordance with the circulation scheme derived by Talley and McCartney (1982) from
temperature and salinity distributions and by Paillet et al. (1998) from an inverse model in the
eastern North Atlantic, 4.1 Sv of LSW cross the 4x section at the 49-54ºN and 28-35ºW band
(regions 5 and 6, Figure 6.5e) towards the North Eastern Atlantic (Figure 6.5e). In the Reykjanes
Ridge and Irminger Basin (regions 8 and 9, respectively) 1.1Sv of LSW flow NE in the upper layer,
whereas at the intermediate –1.2 Sv flow SW. In the EGC (region 10) the whole water column
transport of LSW amounts to –13.6 Sv, mainly centred at the intermediate layer (-8 Sv).
The total EGC mass transport for the intermediate, deep and bottom layers amounts to –15.1
Sv (Figure 6.4a), thus 90% of this flow is LSW, which will ultimately join the DWBC and
determine the strength of the meridional overturning circulation. The –15.1 Sv transported SW in
the EGC compare with the –15 Sv or the –16 Sv of 1.8-4ºC water (the 4ºC isotherm is practically
coincident with the 27.7 kg·m-3 σθ isoline) proposed by Schmitz and McCartney (1993) and
Schmitz (1996), respectively.
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Table 6.2. Physical and biogeochemical geostrophic transports across the 4x section accounted for by the different water masses. “Total SWT” stands for the total
geostrophic transport due to the water masses taken into account in the mixing model by Álvarez et al. (2001b, Chapter 2), and “Total Geostr.” and “Net” stand for the
total geostrophic and net (total geostrophic plus Ekman) transports across the section Álvarez et al. (2001a and c, Chapter 4 and 5). ENACW stands for Eastern North
Atlantic Central Water, SAIW for SubArctic Intermediate Water, AA for influenced Antarctic Intermediate Water, MW for Mediterranean Water, LSW for Labrador Sea
Water, ISOW for Iceland-Scotland Overflow Water, DSOW for Denmark-Strait Overflow Water and NEADW for North Eastern Atlantic Deep Water.
Mass
(Sv)
Heat
(PW)
Salt
(Mkg·s-1)
NO3
(kmol·s-1)
PO4
(kmol·s-1)
SiO4
(kmol·s-1)
 O2
(kmol·s-1)
TA
(kmol·s-1)
TIC
(kmol·s-1)
CANT
(kmol·s-1)
ENACW 7.5 0.37 276.2 112 7 54 1439 18175 16692 296
SAIW -0.1 0.01 -3.8 0 0 1 -119 -274 -251 -20
AA 3.3 0.11 117.7 54 4 30 754 7754 7209 128
MW 1.6 0.08 60.4 27 1 12 294 3996 3666 64
LSW -11.5 -0.14 -416.1 -195 -14 -130 -3520 -27517 -25735 -393
ISOW -6.0 -0.06 -219.0 -103 -7 -93 -1753 -14441 -13505 -134
DSOW -1.7 -0.01 -60.9 -28 -2 -20 -509 -4003 -3747 -40
NEADW 1.1 0.01 40.7 34 2 95 234 2835 2648 -18
Total SWT -5.8 0.35 -204.9 -101 -9 -50 -3179 -13475 -13023 -117
Total Geostr. 0.98 0.75 49.1 -42 -5 -20 -1608 3156 1891 183
Net -0.4 0.69 -0.8 -50 -6 -26 -1992 -135 -1081 116
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LSW constitutes the largest contributor to the export of nutrients, O2, TA, TIC and CANT
from the Subpolar into the Subtropical North Atlantic (Table 6.2). Despite this, the final
geostrophic transport of some of the former properties can have an inverse sign, for example, the
total geostrophic transport of heat and CANT is directed NE, as they are mainly transported in the
upper layers with a higher temperature and CANT (Álvarez et al., 2001a, Chapter 4, and 2001c,
Chapter 5, respectively).
The total mass transport accounted for by ISOW is –6 Sv (Table 6.2), which mainly flows in
the deep layer across the CGFZ, region 6, and the EGC, region 10, contributing with –2.4 Sv and
–1.5 Sv, respectively (Figure 6.5f). Note the small NE transport of ISOW in the intermediate layer
over the CGFZ indicating a return flow of ISOW from the western to the eastern basin.
In the context of the global thermohaline circulation these -6 Sv of ISOW flowing into the
western basin are higher than the -4 Sv proposed in the review by Schmitz (1996) of entrained
overflow water from the Norwegian Sea, that will also ultimately join the DWBC.
As LSW, ISOW also exerts a relevant role in the export of nutrients, O2, TA, TIC and CANT
from the Subpolar to the Subtropical North Atlantic (Table 6.2).
The other overflow from the Nordic Seas, the DSOW, crosses the 4x section in the Irminger
Basin (region 9 and 10, Figure 6.5g) mainly within the EGC over the western flank of the basin.
DSOW accounts for a total of –1.7 Sv flowing southwards (Table 6.2).
The contribution of DSOW to the export of nutrients, O2, TA, TIC and CANT from the
Subpolar to the Subtropical North Atlantic is remarkable but much less than the ISOW contribution
(Table 6.2) because of the higher ISOW mass transport as DSOW and ISOW present similar
biogeochemical properties (Table 2.2). The MW and DSOW mass transports are practically the
same but in opposite directions, in this sense the transport of biogeochemical properties due to
these two water masses are similar specially for nutrients, TIC and TA. However, O2 and CANT
transports indicate the different history of both water masses. MW is an old water mass with a dist-
Figure 6.6. Stacked bars showing the regional geostrophic mass transport across the 4x section accounted for
by the different water masses: Eastern North Atlantic Central Water (ENACW), SubArctic
Intermediate Water (SAIW), influenced Antarctic Intermediate Water (AA), Mediterranean Water
(MW), Labrador Sea Water (LSW), Iceland-Scotland Overflow Water (ISOW), Denmark-Strait
Overflow Water (DSOW) and North Eastern Atlantic Deep Water (NEADW) in (a) the upper, (b) the
intermediate and (c) the deep and bottom layers. Regions and density intervals as in Figure 6.3. The
4x section acts as the zero reference line. 1 Sv = 106 m3·s-1.
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inct oxygen minimum signature whereas DSOW is formed from intermediate water north of the
Greenland-Scotland sills (e.g. Mauritzen, 1996) and thus, more recently ventilated than MW.
Regarding CANT, MW entrains a great portion of central waters with a high CANT content whereas
DSOW is directly formed from high latitude intermediate water where the Revelle factor is higher
(e.g. Takahashi et al., 1993), indicating a lower capacity to absorb CANT for a given CO2 increase
(Wallace, 2001). Consequently, in absolute terms, DSOW transports more oxygen and CANT than
MW.
NEADW contributes with 2 Sv flowing northwards in the Iberian Abyssal Plain (region 2,
Figure 6.5h), which correspond, as previously said, to Antarctic Bottom Water entering the eastern
basin through the Vema Fracture. A portion (-0.4 Sv) of this northward flow returns southwards
within the eastern basin, whereas over the CGFZ, –0.8 Sv of upper and warmer NEADW enter the
western basin (region 5 and 6, respectively, Figure 6.5h). The circulation pattern of NEADW
inferred from our results confirms the circulation scheme proposed by McCartney (1992) at the
2500 m layer. The net transport of NEADW across the 4x section is 1.1 Sv, which account for a
small NE transport of heat and salt. Despite the high concentrations of nutrients at depth the
contribution of NEADW to the NE transport of nutrients is relatively small, as well as for O2, TA,
TIC and CANT (Table 6.2).
A schematic representation of the regional and vertical transports across the 4x section
within the context of the North Atlantic ocean is shown in Figure 6.6. The 4x line acts as the zero
reference line, and the SWT contributions are represented as stacked bars. Note that the deep and
bottom layer contributions are summed in Figure 6.6c.
6.5. SUMMARY AND CONCLUSIONS.
Hydrographic and chemical data from the WOCE A25 (4x cruise) allowed us to estimate the
transport of physical and chemical properties across the southern boundary of the Subpolar North
Atlantic ocean. The circulation pattern across the 4x section was approximated constraining the
mass transport at specific areas and levels with literature available transport values. Furthermore,
an inverse model was set in order to conserve the salt and mass transports across the section as we
considered the North Atlantic ocean a closed basin, and also to force the silicate transport to its
river input north of the section (Tréguer et al., 1995). Details of the circulation pattern
determination were given in Chapter 4. An analysis of the transports’ mechanisms for the physical
and chemical properties across the 4x section along with a discussion of the convergences /
divergences of chemical species within the Subpolar North Atlantic were given in Chapter 4 and 5.
The water masses structure along the 4x section was solved by means of an Optimum
MultiParameter analysis  (Chapter 2).
In this work, the physical (mass, heat and salt) and biogeochemical (nutrients, oxygen,
alkalinity, total inorganic and anthropogenic carbon) transports across the southern boundary of the
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Subpolar North Atlantic were analysed by temperature classes and by regions and density intervals
so as to discuss their structure and values in the context of the global thermohaline circulation in
the North Atlantic. Finally, the transport fields were coupled with the water mass structure to
provide the relative contribution of each water mass to the physical and biogeochemical fluxes
across the 4x section.
The analysis into temperature classes reveals the two-lobe nature of the circulation in the
Subpolar North Atlantic, ultimately related with the overturning cell: warm upper waters flow
northwards and return southwards colder. Concretely, across the 4x section warmer than 6.5ºC
waters flow northwards and correspondingly colder waters flow southwards. The total gesotrophic
mass transport across the 4x section amounts to ≈1 Sv, which compensates the southwards Ekman
transport of –1.4 Sv across the section. Therefore, the net mass transport across the 4x section is
–0.4 Sv and corresponds to the net precipitation plus runoff over evaporation over the basin north
of the 4x section. (Chapter 4). The northward mass flux is evenly distributed in the warmest classes
but the 10.5-11.5ºC class presents the strongest NE flux (6 Sv), mainly corresponding to subpolar
Eastern North Atlantic Central Water. Whereas the main SW flow of up to –16 Sv located in the
2.5-3.5ºC class, related with Labrador Sea Water.
Other physical and biogeochemical transports into temperature classes qualitatively present
the same structure as that of mass, because of the high correlation between temperature and other
chemical fields. This fact points to the importance of obtaining a reliable mass transport field when
reliable physical and biogeochemical transports are to be calculated.
With the aim of giving a more clear description and thorough discussion about the regional
and vertical distribution of the physical and chemical transports across the southern boundary of the
Subpolar North Atlantic, the 4x section was divided into 10 areas according to topographic and/or
geographic features. Additionally, the water column was divided into four layers: upper (from the
surface to σθ<27.7 kg·m-3), intermediate (from σθ≥27.7 to σ2 <36.98 kg·m-3), deep (from σ2≥36.98
to σ4 <45.91 kg·m-3), and bottom (waters denser than σ4 = 45.91 kg·m-3).
The main flow features across the 4x section are: the NAC over the CGFZ and the western
flank of the MAR with 27.5 Sv of upper water flowing NE, the EGC with a total transport of –25.4
Sv across the whole water column, about –6.4 Sv of deep water (σ2≥36.98 kg·m-3) flow from the
eastern into the western North Atlantic basin and about 2 Sv of deep and bottom waters flow
northwards within the Iberian basin. These figures compare favourably with the current knowledge
about the main mass fluxes within the North Atlantic.
The regional and vertical distribution of other property transports are analogous to the mass
transport distribution except for heat and silicate. Heat is overwhelmingly transported in the upper
layer of the section whereas the silicate transport concentrates in the deep and intermediate layers
with a significant contribution from the bottom layer.
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Finally, the mixing structure along the section was combined with the transport fields in
order to provide the relative contribution from each water mass to the transports across the section,
as well as the water mass spatial circulation pattern across the section. As the mixing analysis
assumes steady state conditions in the SWT characteristics, the seasonal thermocline was not taken
into account and therefore, there is an imbalance between the total geostrophic transport across the
section (≈1 Sv) and that accounted for by the mixing analysis (-5.8 Sv), which corresponds to 6.8
Sv of upper water affected by seasonal changes flowing NE.
The water masses contributing to a NE mass transport are ENACW, AA and MW, with 7.5,
3.3 and 1.6 Sv respectively. The 3.3 Sv of influenced AAIW flowing NE across our section within
the NAC differ from the 5 Sv proposed by Schmitz (1996) in his review. This author also proposed
about 1 Sv of MW to finally enter the Nordic seas and be incorporated into the North Atlantic Deep
Water formation complex. This value agrees with our estimation.
The total flux of NEADW (warmed AABW) across the 4x section is ≈1 Sv. A portion of the
2.8 Sv of NEADW flowing northwards east of the Azores-Biscay Rise recirculate in the eastern
basin (0.4 Sv) and about 1.3 Sv flow SW into the western basin.
Waters contributing to a net SW flow across the section are LSW (-11.5 Sv) and the
overflows, DSOW (-1.7 Sv) and ISOW (-6 Sv) from the Polar seas. LSW flows NE  across the 4x
section at the NAC area but SW in the EGC and the eastern basin. DSOW flow SW over the
western flank of the Irminger basin and ISOW mainly over the CGFZ area, remnants of ISOW
flow SW in the eastern basin indicating its contribution to the eastern basin ventilation.
The heat transport across the southern boundary of the Subpolar North Atlantic amounts to
0.65±0.1 PW mainly due to the northward transport of upper waters (thermocline, ENACW and
AA) which greatly exceed the SW heat transport within LSW and the overflows.
The Subpolar North Atlantic north of the 4x section exports nutrients, oxygen and TIC but
imports CANT. Nutrients and oxygen are mainly carried SW by LSW and the overflows. As waters
recently formed they have a high oxygen content, in fact higher than the section mean oxygen
value. Thus the combination of a SW mass transport at a differential high value of oxygen leads to
the relative positive contribution to the export of oxygen from the Subpolar North Atlantic. A
similar but opposite argument can be applied to AA or MW, they are characterised by oxygen
minima (lower than the section mean value) but flow NE, therefore, although they directly
transport oxygen NE, this flow can be understood as an oxygen impoverishment north of the
section.
CANT is mainly carried within the upper and intermediate waters (thermocline, ENACW, AA
and MW) whose contribution exceeds the SW transport by deep waters as LSW, DSOW and ISOW
which are significantly loaded in CANT.
Briefly, the combination of reliable estimates of physical and biogeochemical transports
across a transoceanic section with a realistic water mass analysis provides valuable information on
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the water masses’ relative contribution to the transport values and about their circulation pattern
across the section which can help to define the water masses circulation on a global basin-scale.
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7.1. CONCLUSIONS.
- A new and innovative preformed alkalinity (TA0) formula based on AOU values and
Inorganic to Organic decomposition Ratios reported from long-term sediment trap data in the North
Atlantic was proposed. This new parameterisation along with other improvements on the back-
calculation technique for estimating anthropogenic carbon (CANT) have led us to conclude that the
CO2 disequilibrium when water masses are formed is an artefact arising from the inaccuracy in
estimating TA0, the pre-industrial equilibrium carbon and the water masses true age. We conclude that
the CO2 disequilibrium is negligible within the CANT estimation uncertainty.
- A large hydrographic and chemical data set can be reduced to the hydrographic and chemical
properties of rather few Source Water Types and their contributions with a high degree of confidence.
- The proposed mixing model detects Influenced Antarctic Intermediate Water within the upper
600 db of the North Atlantic Current system as well as a low but significant signature of Iceland-
Scotland Overflow Water south of the Charlie-Gibbs Fracture Zone on the eastern North Atlantic.
- Oxygen and Apparent Oxygen Utilisation (AOU) anomalies detect that Labrador Sea Water
(LSW) is younger in the western than in the eastern North Atlantic basin, in agreement to its
circulation pattern. Oxygen Utilisation Rates (OUR) values calculated from CFC-11 ages along the
LSW core point to a higher oxygen consumption west of the Mid-Atlantic Ridge than east of this
ridge.
- The water masses contributing to a northeastward mass transport across the 4x section are
Eastern North Atlantic Central Water, Influenced Antarctic Intermediate Water and Mediterranean
Water, with 7.5, 3.3 and 1.6 Sv respectively. Waters contributing to a net southwestward flow
across the section are Labrador Sea Water (-11.5 Sv) and the overflows, Denmark-Strait Overflow
Water (-1.7 Sv) and Iceland-Scotland Overflow Water (-6 Sv) from the Polar seas.
- The strength of the Subpolar gyre is -25.4 Sv comprising the southward transport of Denmark
Strait Overflow Water within the East Greenland Current, which balances the northeastwards transport
of the North Atlantic Current system of 27.7 Sv. Over the Iberian Abyssal Plain 2.6 Sv of waters with
σ2>36.98 kg·m-3 flow northwards, reflecting the 2 Sv of Antarctic Bottom Water entering the eastern
North Atlantic basin across the Vema fracture.
- The overturning circulation across the Subpolar gyre is evaluated as the integrated baroclinic
flow of –16.5±3.6 Sv southwards between 1100 and 3200 db.
- The net heat flux across the section amounts to 0.65±0.1 PW poleward. The overturning cell
contributes 54% of the heat loss to the atmosphere due to water mass formation north of the section,
with the remaining 45% ascribed to the horizontal circulation. Heat is mainly transported by
thermocline, Eastern North Atlantic Central Water and Influenced Antarctic Intermediate Water.
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- As the salt transport across the section is practically negligible (-0.8±6.7 Mkg·s-1), the mass
imbalance, -0.4±1.5 Sv southwestwards, is equivalent to an excess of precipitation plus runoff over
evaporation over the North Atlantic ocean north of the 4x section.
- The North Atlantic Subpolar gyre exports nutrients and oxygen towards the temperate North
Atlantic, at rates of -50±19, -6±2, -1992±440 kmol·s-1 for nitrate, phosphate and oxygen, respectively.
The main mechanism responsible for the nutrient fluxes is the overturning circulation removing
nutrients from the region north of the 4x section, as it transports nutrient-poor surface water
northeastwards and nutrient-rich deeper water southwestwards. In the case of oxygen, the principal
contributor is the horizontal circulation due to the strong oxygen contrast in the 500 to 1000 db layer
between the western and eastern ends of the section. High oxygen Labrador Sea Water flows south in
the west while low oxygen older waters, including Mediterranean Water, flow north in the east.
- The total alkalinity (TA) transport across the North Atlantic Subpolar gyre is practically
negligible (-135±507 kmol·s-1), in agreement with the adjusted to zero salt transport. Total
inorganic carbon (TIC) is transported southwestwards at -1015±490 kmol·s-1 and anthropogenic
carbon (CANT) is being advected into the Subpolar gyre at 116±125 kmol·s-1.
- The main mechanism explaining the net northeastward transport of CANT across the 4x
section is the overturning circulation, which overpasses the southwestward barotropic and
horizontal components. CANT is mainly carried within the upper and intermediate waters
(thermocline, Eastern North Atlantic Central Water, Influenced Antarctic Intermediate Water and
Mediterranean Water) whose contribution exceeds the southwestward transport by deep waters as
Labrador Sea Water, Denmark-Strait Overflow Water and Iceland-Scotland Overflow Water which
are significantly loaded in CANT.
- The region between the Bering Strait and the 4x section (Arctic-Subpolar region) behaves as
a net heterotrophic system, producing nitrate at 40.6±14 kmol·s-1 as a result of a net remineralization of
organic matter, which is partially imported from the temperate North Atlantic.
- The poleward transport of nitrate across 36ºN and its equatorward transport across the 4x
section cause a convergence of nitrate in the temperate North Atlantic ocean. A tentative nitrogen
budget suggests that this region behaves as a source of organic nitrogen, with a northward transport of
organic nitrogen across the 4x section of 15±16 kmol·s-1 and a southward transport across the 36ºN
section of 154±66 kmol·s-1. While this hypothesis will remain tentative until organic nitrogen
measurements are done across the two sections, it is supported by indirect evidence.
- The contemporary TIC budget confirms the role of the North Atlantic ocean north of
24.5ºN as a strong atmospheric CO2 sink, which magnitude decreases from 3553±977 kmol·s-1 to
2907±2018 kmol·s-1 if including the additional terms apart from the CANT storage in the extended
budgets. Most of this flux occurs in the Temperate region, 63% intially and 71% in the extended
case. Alike conclusions can be derived in the case of the pre-industrial TIC budget, an initial sink
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of 3060±1427 kmol·s-1 compared to 2439±1317 kmol·s-1 in the extended case, distributed as in the
contemporary budget.
- The CANT budget performed reveals the North Atlantic north of 24.5ºN as a store of
anthropogenic carbon, which is accumulated at a rate of 1123±150 kmol·s-1. Only 44% is directly
uptaken through the air-sea interface, the remaining part is advected into the region in the upper
limb of the overturning circulation. Contrary to expected, this air-sea uptake of CANT mainly occurs
in the Temperate region, not in the Arctic-Subpolar region where water masses are formed. CANT is
uptaken and transported in the upper limb of the overturning circulation to be finally carried to
depth in the northern end of the limb, then CANT is transported in the Deep Western Boundary
Current and mainly accumulated in the Temperate region.
Summarising, this thesis provides new insights about the water mass distribution,
characteristics and respective physical and biogeochemical fluxes’ contribution in the Subpolar
North Atlantic. Furthermore, this work investigates the role of the Subpolar North Atlantic in the
convergences/divergences of heat, oxygen, nutrients and different species of inorganic carbon
within the context of the whole North Atlantic basin. The importance of the Subpolar and
Temperate North Atlantic in the storage of anthropogenic carbon was specially analysed and
discussed due to the relevant and controversial role attributed to the North Atlantic in the global
carbon cycle. In this sense, we provide an innovative methodology to improve the CANT estimation
in the ocean. We tried to analyse the fluxes of biogeochemical species not only from a purely
physical point of view, checking the mechanisms leading to the transports, but also from a
biological and chemical point of view, trying to make sense, corroborate and propose new ideas
about the biogeochemical behaviour of the North Atlantic. Most of the conclusions given in this
work can be used as test and/or constraints in global circulation and carbon models. Therefore, this
PhD directly contributes to the WOCE goals detailed in Chapter 1.
7.2. FUTURE WORK.
Some interesting issues related to this work could be attempted in the future:
- Organic carbon and nitrogen measurements along transoceanic sections would provide
valuable information about likely convergences or divergences of organic carbon within closed
ocean regions, and thus address its heterotrophic or autotrophic behaviour.
- Usually, transoceanic sections are sampled in summer. Seasonal sampling of the upper
1000 meters along transoceanic sections would provide more information about the seasonal
behaviour of the physical and chemical fluxes and would be very useful in the determination of
reliable estimates of long-term climatological fluxes. However, it would be awfully expensive. This
idea was proposed during the WOCE/JGOFS transport workshop held in Southampton last June.
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- It will also be interesting to compare our fluxes across the 4x section with simulations from
several global ocean circulation models (coupled with a biogeochemical model). This kind of
analysis is particularly interesting in the case of inorganic carbon. The Ocean Carbon Cycle Model
Intercomparison Project (OCMIP) within the Joint Global Ocean Flux Study (JGOFS) framework
compares the simulations of different global circulation models to uptake total and anthropogenic
CO2.
- In this work the river discharge of inorganic carbon was inferred in a very simplistic
manner, we are aware of more realistic estimations from continental erosion model results.
- We are aware about the possibility of building a global ocean model based on regional
models, which seems to be a natural follow-up on the use of WOCE data. This project was
proposed by A. Ganachaud to some regional inverse modellers.
